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1. Introduction

Sea-level rise is one of major consequences of global climate change, impacting coastal
and island regions around the world. Sea levels are rising and will continue to rise for
centuries due to continuing deep-ocean warming and ice-sheet melt, and will remain elevated
for thousands of years, even if the warming is limited. Due to the relative sea-level rise,
extreme sea-level events that occurred once per century in the recent past are projected to
occur at least once per year at more than half of all tide gauge locations by the year 2100 [1].
As these effects of climate change become apparent, having both socioeconomic and
environmental consequences, the sea-level rise has drawn international attention. However,
it is important to note that the causes of sea-level rise are not limited to those associated to

the global climate change [2], as will be shown in this research.

This research aims to determine the primary causes of the sea-level variability of the Adriatic
Sea documented during the last 50 years. First, a statistical analysis of yearly mean sea levels
was done. Next, to explore atmospheric forcings as a possible cause of sea-level variability,
relationships between the North Atlantic Oscillation (NAO), mean sea-level pressure, and
wind data and sea-level data have been investigated. Additionally, sea-level time series were
tested for regime shifts. Regime shifts were further analysed by reviewing governing
synoptic conditions during their appearance. Results will be presented and discussed, and

the conclusion will be given as a summary of the most important findings of this research.

2. Research Context

2.1. The Adriatic Sea

The area of study is the Adriatic Sea, the northernmost arm of the Mediterranean Sea,
lying between the Apennine (Italian) and the Balkan Peninsula. The Adriatic Sea is about
800 km long and 200 km wide. It is divided into three basins, the Northern Adriatic, the
Middle Adriatic, and the Southern Adriatic. The northern part is shallower, while the

southern part is deeper, reaching about 1200 m in the South Adriatic Pit. Furthermore, the



Italian coast is smoother, without islands, whereas the eastern (mostly Croatian) coast is

more indented and diverse.

Being situated at mid latitudes, the Adriatic Sea’s climate is mostly Mediterranean, and the
atmospheric disturbances normally propagate eastward. The summer is typically hot and dry
with a dominate subtropical high-pressure zone, while the other seasons are characterized
by frequent cyclones and anticyclones propagating eastward within the westerlies belt. The
weather conditions are also affected by the Iceland Low and the Eurasian High in winter,
and the Azores High and the Karachi Low in summer. Therefore, the air-pressure field
variability over the North Atlantic, Europe, and the Mediterranean influence the cyclone

activity over the Adriatic Sea [3].

Moreover, the strongest winds occur in the winter and are named bora (local ‘bura’) and
sirocco (local ‘jugo’). The bora is a cold dry katabatic wind blowing from the continental
northeast with gusts reaching up to 50 m/s, causing cooling and evaporation. The sirocco,
on the other hand, blows from the southeast and brings warm humid air from the
Mediterranean, usually followed by the Saharan dust and rain. The bora causes coastal
upwelling on the eastern coast of the Adriatic, while the sirocco is known to reverse the
western coastal current and build up water in the Northern Adriatic [3]. Both winds represent
transient phenomena and typically last several days. They are often coupled with migrating
cyclones: when a cyclone reaches the Adriatic Sea, the sirocco wind is blowing, and when

it leaves the Adriatic Sea, the bora wind event arises [4].

2.2. Drivers of Sea-level Variability

The sea-level height can be defined in two ways: the relative sea level, which is
measured with respect to the surface of the solid Earth, or the geocentric sea level, which is
measured with respect to a geocentric reference, such as the reference ellipsoid. The relative
sea level has been measured using tide gauges during the past few centuries and estimated
for longer time spans from geological records. The geocentric sea level, however, has been
measured over the past few decades using satellite altimetry [5]. In this research, ‘sea level’

stands for the Relative Sea Level.

The global sea-level change mainly results from the thermal expansion of the ocean

(thermosteric effect) and the transfer of land water to the ocean, particularly from melting



land ice (glaciers and ice sheets). However, the regional sea-level change occurs because of
ocean dynamical processes, movements of the sea floor, and changes in gravity due to water
mass redistribution. Therefore, at regional scales, the sea-level variability includes processes
such as a dynamical redistribution of water masses and a change of water mass properties
caused by changes in winds and air pressure, air—sea heat and freshwater fluxes, and ocean
currents [5]. For example, the Adriatic Sea sea-level change analysis suggests that a 1 mbar
increase/decrease of air pressure corresponds to a 1.8 — 2.0 cm lowering/rising of sea level,
where the inverted barometer magnitude change is due to the sea level responding to other

forcings (e.g. wind) as well as to air pressure [6].

Moreover, different climate variations can affect the sea level by changing the surface winds,
ocean currents, temperature, and salinity. Namely, studies have shown a strong interannual
and decadal variability of the Adriatic sea level, and a barotropic model driven by air
pressure and wind forcing found the amplitudes for the two cycles to be less than 2 cm.
According to this model, the annual cycle maximum occurs in March or April, while the
interannual cycle maximum occurs in January or February and July or August. It was further
discovered that the interannual sea-level variability of the Adriatic Sea correlates with the
North Atlantic Oscillation (NAO), mainly through air pressure and wind alterations, and to

some other processes controlling mass exchange between the Atlantic and the Mediterranean

[6].

2.3. The North Atlantic Oscillation

The North Atlantic Oscillation (NAO) describes changes in the strength of two
recurring pressure patterns in the atmosphere over the North Atlantic: a low near Iceland,
and a high near the Azores Islands. It is an “oscillation” because the changes in atmospheric
pressure are essentially an alternation between two existing patterns: a “positive phase”, in
which a strong subtropical high is located over the Azores islands in the central North
Atlantic while a strong low-pressure system is centred over Iceland, and a “negative phase”,
in which the same pressure systems are weaker (Figure 1). The phase is determined by the
NAO index, obtained from the difference of normalized sea-level pressure between stations
in Iceland and the Azores (sometimes Lisbon, Portugal). Furthermore, the NAO can change

its phase on a yearly basis, or the fluctuations can take place decades apart.



During winters characterized by the NAO’s positive phase, high-pressure and strong low-
pressure systems result in a powerful pressure gradient which in turn strengthens the
westerlies bringing warmer, wetter conditions over the northern Europe and most of the
northeastern North America. The Mediterranean, in contrast, experiences weaker cyclonic

activity.

During winters characterized by the NAO’s negative phase, the pressure systems are weaker
resulting in reduced pressure gradient which weakens the pace of westerlies, causing cold,
dry air to be drawn into the northern Europe from the northern Russia and the Arctic. The
jet stream bypasses the weak low-pressure system over Iceland and turns south over the

North Atlantic conveying moisture and warm air to the Mediterranean [7].

Because of the effects the NAO phases have over the Mediterranean, a change of its phase

was suspected to be the cause of regime shifts detected in sea level.

Negative NAO Positive NAO

WET + WARM

5
&
oy wesTE
s
\WESTERLIE i DRY
S
DE
TRA T Rp.D?'5

Figure 1. The negative and positive NAO phase. The strength and direction of westerlies and location
of storm tracks are controlled by strength of Azores High and Iceland Low. The figure was made by

the author using MATLAB R2021b and Inkscape software.



3. Data and Methodology

3.1. Data Sets

3.1.1. Sea-level Data

In order to examine the sea-level variability, monthly sea-level data were
downloaded from Permanent Service for Mean Sea Level (PSMSL), the global data bank for
long-term sea-level change information from tide gauges and bottom pressure recorders. The
data was downloaded for seven stations located along the eastern and northern Adriatic
coast: Trieste, Rovinj, Bakar, Zadar, Split, Ploc¢e and Dubrovnik. Bakar has the longest time
series, ranging from 1930 to 2020, while Ploce has the shortest, ranging from 2006 to 2018.
The rest of the stations’ time series range sometime from 1950s to 2018. The main downside
of tide-gauge data is their poor spatial distribution and errors or gaps in the data time series.
More stations would have been used if their time series were not too short, and some of the
used data time series had considerable gaps, which will be further discussed later in the

thesis. Station locations are shown in Figure 2.

Trieste

B Rovinj
45.00 N

43.75'N

Dubrovnik

4250 N \f
4125 N \ a

12.25 E 14.00" E 15.75 E 1750 E 19.25 E

Figure 2. Location of tide gauge stations used in the study.



3.1.2. Climatic Data

The relationship between sea level and the NAO index, mean sea-level pressure, and
wind data was examined. For this purpose, the monthly mean NAO index was downloaded
from the National Centers for Environmental Information, National Oceanic and
Atmospheric Administration (NOAANCEI). This NAO index is obtained by projecting the
NAO loading pattern to the daily anomaly 500 mbar height field over 0-90°N, where the
NAO loading pattern has been chosen as the first mode of a Rotated Empirical Orthogonal
Function (EOF) analysis using monthly mean 500 mbar height anomaly data from 1950 to
2000 over 0-90°N latitude [8]. The time series of the NAO index ranged from 1950 to 2020.
Next, ERAS monthly averaged mean sea-level pressure and 10 m wind data over the Adriatic
were downloaded for a period from 1959 to 2022. These data were then calculated directly
for the seven tide gauge stations. ERAS is the fifth generation ECMWF reanalysis for the
global climate and weather with a horizontal resolution of 0.25° x 0.25° (~30 km grid) for

atmospheric variables [9].

Furthermore, the same ERAS reanalysis data were used to review the synoptic conditions
for years of interest, in addition to the geopotential and wind data at the 500 hPa pressure

level.

3.2. Methods

This chapter gives a brief description of all methods used in this research. The

analyses were entirely done using MATLAB R2021b programming software.
3.2.1. Mean

In this research, multiple types of averaging were implemented on different data sets.

For each data set, the annual mean, 4-year moving mean, December-January-February-
March season annual and 4-year moving mean, and November-December-January-February
season annual and 4-year moving mean were estimated. Additionally, for the sea-level data
the October-November-December season annual and 4-year moving mean were estimated
as well. The 4-year moving mean is calculated by taking the average over a sliding window

of 4 data points, moving by a year, and repeating the process.



3.2.2. The IB Effect and Variance

The inverse barometer response of sea level (17;5) to surface atmospheric pressure

variations was calculated using [10]:

1
= —(pn, — 1
Nip 7 (Pa — Do) (1)

where p, is sea-level atmospheric pressure, p, is the averaged pressure over the global
oceans (101325 Pa), and p, is a reference density (1028 kg/m?). Here the ERAS mean sea-

level data was used for p,,.

Next, to evaluate the agreement between the sea-level data and the calculated IB effect, with
respect to both variability and magnitude, explained variance was used. The explained
variance is a statistical measure of how much variation in a data set originates from a certain
component. The percentage of variance of a variable y explained by another variable y was

computed using [10]:

var(y — Y))_ 2

var(%) = 100 (1 — 7ar ()

3.2.3. The Least Squares Method

The least-squares method was implemented to inspect the existence of a linear trend.
The least-squares method is a form of mathematical regression analysis used to determine
the line of best fit for a set of data, providing a visual demonstration of the relationship
between the data points [11]. This method obtains the functional dependence of measured

quantities and a known independent variable. The coefficients of a linear function
y=ax+b+ g 3)

where y is a dependent measured variable, x is an independent variable, a is the slope, b is

the y-intercept, and ¢ is the error term, are found using the following equations:

:nZ?ﬂxi% — X X i Vi
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L - (5)
—;Z)’i_ Xi -
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i=1 i=1
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The function and values of the function parameters are determined so that the sum of the
squares of the difference between the measured and calculated values is minimal, i.e. the

sum of squared error term is minimal.
3.24. T-Test

To determine if estimated linear trends are significant, a statistical hypothesis test,
t-test, was used. The t-test follows a Student's t-distribution under the null hypothesis, which
in our case states that the linear trend is insignificant.

It is possible to perform either a one-tailed or two-tailed test. In this research, a one-tailed
test was performed since we are testing only one direction, a positive linear trend. The t-test
produces a t-value as its result. The formula for computing the t-value for a one-tailed t-test

1s:

n (-2

_ . i=1 Xi
t=a T - — (6)
n—27 'Zi=1 i =)

where, a is the least-squares function parameter, x; the independent least-squares variable,
y; the dependent least-squares variable, ¥y, the measured values, n the sample size, and n - 2
is the number of degrees of freedom. Once the t-value and the degrees of freedom are
calculated, a p-value is determined as a statistical significance threshold (in this thesis
p = 0.05, or 95%). If the t-value is greater than the critical value found in the table in
Appendix A, then the null hypothesis is rejected in favour of the alternative hypothesis, i.e.
the calculated trend is significant [12].

3.2.5. Testing Regime Shifts

The existence of regime shifts was examined using a sequential algorithm proposed
by [13]. The algorithm uses a sequential t-test analysis where a number of observations come
in sequence. It goes along the data set and compares each new data point with every data

point in the currently existing regime. According to the t-test, the difference (dif f) between



mean values of two subsequent regimes to be statistically significant at the level p should
satisfy the condition:
20}

diff =% % =t |- (7)

Here, t is the value of the t-distribution with 2l -2 degrees of freedom at the given
probability level p, [ the cut-off parameter of the regimes to be tested, and o; the average
variance for running /-year intervals in the time series. If a new data point deviates
substantially from the regime average, it is hypothesised to be a new shift point. The
existence of the new regime shift is then tested. If the shift did indeed occur, the regime shift
index (RSI) is calculated as

j+m

X{
RSI;; = ZE, m=0,1,..,0-1, ®)
i=j

where m is the number of years since the start of a new regime, [ the cut-off parameter of
the regimes to be tested, g; the average variance for running /-year intervals in the time
series, and x; the normalized deviations from the current regime average. The new shift
point becomes the base point from which the test starts anew. On the other hand, if the shift

did not occur, the hypothesised shift point is rejected, and the test continues as usual.

The algorithm works under the assumption of abrupt shifts and may fail for gradual
transitions. The cut-off parameter, [, determines the minimum length of the regimes during
which the magnitude is assumed constant. Therefore, reducing [ sometimes allows detecting

additional regime shifts.

This analysis was done for the annual mean sea-level data with a cut-off period of 6 years.
However, to explore the existence of similar shifts for the 4-year moving mean of the NDJF
season NAO index, mean sea-level pressure, and wind data, a cut-off period of 4 years was

used. The p-value was always set to 0.05.

The MATLAB function used to determine the regime shifts is provided in Appendix B
section of this paper. It was written following the algorithm steps provided by Rodionov that

can be found in [13].



3.2.6. Correlation

The statistical Pearson correlation coefficient is a measurement of interdependence
of variables. It is a value between —1 and 1, with 1 being the strongest positive correlation,
and —1 the strongest negative correlation. The positive correlation coefficient implies that
the values of both variables tend to increase or decrease together, while the negative one
implies that the values of one variable decrease while the other increases. In MATLAB, it is
paired with a p-value which indicates the significance of the calculated correlation

coefficient (in this thesis the significance threshold is set to p = 0.05) [14].

In this research, the correlation between sea-level data and the aforementioned climatic data

was estimated.

10



4. Results

4.1. Sea-level Analysis

The sea-level data analysis was initiated by calculating the annual means and
observing the behaviour of the sea-level time series. For easier visualisation, the annual mean
sea-level anomaly was calculated as deviation from the mean sea level. It is evident that the
sea-levels behave similarly for all stations (Figure 3). There are seemingly 3 distinct regimes:
the first one from the 1950s to 1990, the second one from 1990 to 1995, and the third one
from 1995 to present. The possible regimes, detected visually, are displayed in Figure 4, for
all stations except Ploce since its time series were too short for any conclusions. The apparent
difference in 1990-1995 and 2009-2018 mean values points to a possibility of a regime shift

at some point.

Dubrovnik

—*—Ploce
Split

—&—Zadar

- Rovinj
— Trieste

Sea-level anomaly [mm]

100 - i

I I | | | I | | | | | 1
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

-150

Figure 3. The annual mean sea-level anomaly for seven stations across the Adriatic coast.

Additionally, a sudden increase of sea level can be noticed in 2010, best seen for Trieste,
and apparently there is a positive linear trend for all stations which have long enough data

series. Furthermore, there is a sharp drop of sea level at the end of Rovinj data series, of an

11



unknown cause. It was more likely due to an error in the measuring device than to a year of
extremely low sea levels, since this was the only year during which sea-level measured in

Rovinj is significantly different than sea levels measured at other stations.

Dubrovnik Split Zadar

7200 7200 7200
€
E
T>> 7100 7100 7100
Q<
]
@

7000 7000 7000

1965 1990 2015 1965 1990 2015 1965 1990 2015
Bakar Rovinj Trieste

7200 7200
= 7200
£
T>) 7100 7100 7100
K
©
[0]
@ 7000 7000 7000

1965 1990 2015 1965 1990 2015 1965 1990 2015

Figure 4. The annual mean sea-level data with denoted possible regimes and their means.

Now, in order to determine if there really is a positive linear trend, the least-squares method
and the t-test were used. The sea-level trends differ with time and heavily depend on the
length of the time series over which they are calculated. In this research the whole data series
were considered when computing the trend since we were interested in possible climate
change effects, i.e. sea-level rise. Positive linear trend was found and proven to be significant
(p < 0.05) at all stations. The computed t-values, degrees of freedom, critical values from
the t-distribution table (Appendix A), and the calculated trends are given in Table 1. The
calculated trends show an increase of 0.7 mm/year at Rovinj, 1.03 mm/year at Split, 1.17
mm/year at Bakar, 1.47 mm/year at Trieste, 1.58 mm/year at Dubrovnik, 1.99 mm/year at
Zadar, and 6.2 mm/year at Ploce station. The lowest trend (one in Rovinj) can be explained
by the likely error in Rovinj measurements for 2017, while the highest trend (Ploce) is
probably due to the short time series, extending only during the 21st century. The latter also
points to the stronger sea-level trends in the 21st century. Linear trends are plotted in Figure

5.
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Table 1. Student’s t-test results.

Degrees of
Station Trend t-value Critical value Time series
freedom
Dubrovnik 1.58x + 3963.57 6.62 1.670 61 1956-2018
Ploce 6.2x —5388.74 1.99 1.796 11 2006-2018
Split 1.03 + 5036.58 4.46 1.669 63 1954-2018
Zadar 1.99x + 3011.47 2.09 1.717 22 1994-2018
Bakar 1.17x + 4758.79 7.02 1.664 79 1930-2020
Rovinj 0.7x + 5672.55 2.85 1.670 61 1955-2018
Trieste 1.47x—4117.26 7.66 1.667 70 1950-2021
Dubrovnik Ploce Split
y = 1.58x + 3963.57 y =6.2x - 5388.74 y =1.03x + 5036.58
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Figure 5. The annual mean sea-level data and linear trend estimated for seven stations across the

Adriatic coast. Linear equations are given for each computed trend.
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Next, the suspected regime shifts were examined. However, this time the analysis was done
only for time series longer than 25 years (Trieste, Rovinj, Bakar, Split and Dubrovnik). The
result shows that there were indeed three regime shifts: the first pronounced regime shift
occurred in 1989 resulting with mean sea level lower than usual for an average of 4.37 cm
during the next 7 years; the second regime shift occurred in 1996 when mean sea level
increased for an average of 2.07 cm during the next 13 years; and the third regime shift,
which lasted at least until 2018, started in 2009 when mean sea level abruptly increased to
5.3 cm above average during the 2009-2018 period. The deviations from the average were
calculated only at the five aforementioned stations. The algorithm found some other shifts
as well, but they were not constant for all stations, so they were not further analysed. All

shifts are depicted in Figure 6.
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Figure 6. Regime shifts of sea levels. The upper graph displays the annual mean sea-level anomaly,
while the lower graph displays the computed regime shifts. Bar plots are used for easier visualization.

Three regime shifts can be detected for almost every station: in 1989, in 1996, and in 2009.
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4.2. Climatic Data Analysis

4.2.1. The North Atlantic Oscillation

This section will present the results of the analysis of the impact of the NAO on the
sea-level change. First, the annual means of the NAO index were calculated and then the
correlation coefficient of the NAO and sea levels were found. Significant negative
correlation (at p = 0.05) was found only for Split. However, when the analysis was done
using the 4-year moving means, the results improved considerably. In this case a weak to
moderate negative and statistically significant correlation was obtained for all stations, but
Dubrovnik and Trieste. The results are plotted in Figure 7, and the correlation coefficients
with corresponding p-values are given in Table 2 below. The plots clearly display that when
the NAO is in its positive phase, the sea levels are lower than usual, and vice versa.
Furthermore, the NAO phase change seen in the case of 4-year moving means evidently

agrees with the sea-level regime shifts from the 1989, 1996, and 2009.

Table 2. The NAO index and sea level correlation with corresponding p-value.

Station Annual mean 4-year moving mean
Dubrovnik R=-0.19 R=-0.23
P=0.15 P=0.08
Split R=-0.25 R=-0.40
P=0.05 P =0.001
Bakar R=-0.23 R=-0.29
P=0.07 P=0.02
Rovinj R=-0.23 R=-0.37
P=0.07 P =0.003
Trieste R=-0.20 R=-0.18
P=0.12 P=0.16
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Figure 7. The NAO index and sea-level annual (left) and 4-year moving (right) means. The positive

NAO index (green) corresponds to lower sea levels (dashed blue).

Moreover, since the effects of the NAO are most pronounced during the winter, the analysis
was also done for monthly data. The correlation was inspected for the winter season
(December, January, February, March - DJFM), fall-winter season (November, December,
January, February - NDJF), and for the flood season (October, November, December - OND)
sea-level annual means. Similarly as before, the analysis was repeated for the 4-year moving
means, too. This time the results were the highest for the DJFM and NDJF season annual
means, giving moderate negative and statistically significant correlation, with a maximum
of -0.52 for Rovinj (see Table 3 for results). Since the NDJF season has slightly higher
average correlation, only that season was used for further research. However, it is important
to note that for the NDJF correlation analysis, the year 1991/1992 was removed from all data
sets since there were no available data for Dubrovnik tide gauge. The NDJF season and sea-
level data annual means are presented in Figure 8, with missing data evident for Dubrovnik.

Negative correlation between the two data sets is evident.

16



Table 3. The NAO index and sea level correlation with p-value for the DJFM and NDJF season.

Station

Dubrovnik

Split

Bakar

Rovinj

Trieste

DIFM

R=-0.42
P=7.92-10"

R=-0.51
P=2.34-10°

R=-0.43
P=523-10"

R=-0.38
P =0.0023

R=-0.37
P =0.0028

NDJF

R=-0.39
P =0.0019

R=-0.5
P=4.08-10°

R=-0.46
P=1.69-10"

R=-0.52
P=1.71-10°

R=-0.40
P =0.0015

Dubrovnik

DIFM 4y

R=-0.23
P =0.07

R=-041
P =0.001

R=-0.29
P=0.02

R=-0.24
P =0.06

R=-0.16
P=0.21

NAO index
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Figure 8. The NAO index and sea level Nov-Dec-Jan-Feb season annual means. The positive NAO

index (green) corresponds to lower sea levels (dashed blue).
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Since the NAO phase change agrees with the sea-level regime shifts from the 1989, 1996,
and 2009, the regime shifts were further evaluated. The review of the 4-year moving mean
NAO regime shifts indeed resulted with, among others, the three shifts of interest: 1989,
1995 (associated to the 1996 shift), and 2009, as presented on the left panel of Figure 9. A
strong regime shift was found in 2013 when the NAO phase became positive once again.
The regime shifts were evaluated for the NDJF season as well, using the 4-year moving
mean. This time the 1996 and 2008 (2009) shifts were detected, but not the 1989 shift, which
was found only for the complete NAO annual analysis (Figure 9, right). Again, the latest
regime shift was detected for the positive NAO phase, here in 2012.
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Figure 9. The NAO index regime shifts in case of a 4-year moving mean (left) and Nov-Dec-Jan-
Feb season 4-year moving mean (right). Multiple regime shifts were detected, including the shifts

around the years of interest: 1989, 1996, and 2009.

4.2.2. Mean Sea-level Pressure and Wind Analysis

The inverse barometer effect was suspected to be one of the reasons for the sea-level
change since the NAO index corresponds to the difference between the Icelandic Low and
the Azores High sea-level pressure systems. Hence, the correlation between the mean sea-

level pressure and sea-level data was calculated. Here the NDJF season annual means and
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4-year moving means were used for both types of data. As expected, high and significant

correlation between the two was established (Table 4). This is evident from the plot

displayed in Figure 10. Clearly, the two series closely follow each other.

Table 4. Mean sea-level pressure and sea-level data NDJF season annual

and 4-year moving mean correlation with corresponding p-value.

Station

Dubrovnik

Split

Bakar

Rovinj

Trieste

Dubrovnik

NDJF

R=-0.84
P=3.14-10"

R=-0.86
P=469-10"

R=-0.89
P=6.95-10"

R=-0.87
P=234-10"

R=-0.87
P=1.88-10"

NDJF 4y

R=-0.78
P=9.75-10°

R=-0.84
P=4.14-10"

R=-0.85
P=137-10"

R=-0.84
P=3.03-10"

R=-0.82
P=4.64-10"
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Figure 10. Sea level (dashed blue) and mean sea-level pressure anomaly (green) NDJF season annual

means. The mean sea-level pressure data was multiplied by -1 for easier interpretation of correlation.
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However, simply plotting the mean sea-level pressure data does not account for the IB
effect’s magnitude when compared to the sea-level data. Equation (1) was used to account
for both the magnitude and variability of the IB effect, while the explained variance (2) was
used to quantify its contribution to the observed sea-level variability. The 4-year moving
mean of sea-level and IB effect data were used, first for the complete data series, then only
for the NDJF season. The computed variance ranges from 18.7% at Dubrovnik to 30.7% at
Rovinj, for the complete time series, and from 40.4% at Dubrovnik to 49% at Rovinj for the
NDIJF season time series. Therefore, the sea-level variability is explained only partially by
the IB effect, but almost up to a half for the NDJF season. The results are displayed in Figure
11. Additionally, the mean sea-level pressure regime shifts were detected for 1989, 1995,
and 2010. Another regime shift was found for 2016 (Figure 12). This evidently agrees with
the sea-level and the NAO regime shifts.
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Figure 11. Sea-level anomaly and the 1B effect of the complete data set (left) and the NDJF season

(right). Both time series were smoothed using a 4-year moving mean.
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Figure 12. Mean sea-level pressure regime shifts for the NDJF season. The shifts were calculated
for 4-year moving mean dataset. Four regime shifts can be detected for all data: in 1989, 1995, 2010,
and in 2016.

Next, since the NAO influences the strength and direction of westerlies, wind field data
analysis was done. The correlation was calculated for two wind components: a component
parallel to the Adriatic, and a component orthogonal to the Adriatic. The parallel component
has a north-westward positive direction, while the orthogonal component has a north-
eastward positive direction. High to moderate and statistically significant correlation was
obtained for the parallel component, while the orthogonal component proved to be less
correlated, as seen from Table 5. The result is displayed in Figure 13, from which it can be
observed that the orthogonal component’s variability is not as similar to the sea-level
variability as the parallel component’s is. This is presumably because of the downwelling,
and upwelling caused by the Ekman transport for which the wind has to be parallel to the
coast, and additionally because of the piling up of water caused by the sirocco wind. Further
analysis of the variance is needed to quantify the wind contribution to the observed sea-level
variability, which was not in the scope of this research. Again, the regime shift analysis was
done, establishing multiple regime shifts for the parallel component, including the shifts in
1989 (1988), 1995, and 2009 for some stations (Figure 14). For the orthogonal component,
on the other hand, fewer shifts were found, but they included the shifts around 1989 and
20009 for all stations (Figure 15).
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Table 5. Correlation coefficients and its p-value for the parallel (II) wind component and the

orthogonal (L) wind component and sea-level data. The NDJF season annual means were used.

Station Il component 1 component
Dubrovnik R=0.84 R=-0.60
P=8.14-10" P=6.09-10°
Split R=0.79 R=-0.22
P=3.59-107° P=0.19
Bakar R=0.62 R=-0.09
P=3.12-10° P=0.61
Rovinj R=0.51 R=-0.09
P=0.0011 P=0.58
Trieste R=0.60 R=-0.07
P=6.19-10° P=0.69
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Figure 13. The annual mean NDJF season sea-level anomaly and wind data.
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Figure 14. Parallel wind component regime shifts for the NDJF season. The shifts were calculated

for 4-year moving mean dataset.
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Figure 15. Orthogonal wind component regime shifts for the NDJF season.
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4.3. Synoptic Conditions Analysis

As presented in the earlier chapters, the NAO index, mean sea-level pressure and
parallel wind component, are moderately to highly correlated to the sea-level variability in
the Adriatic. On top of that, similar regime shifts were found for all data. Therefore, an
overview of the synoptic conditions is given for the NDJF season for years of the most
relevant regime shifts and the entire regimes as well. Upon individually evaluating the years
of regime shifts, the NDJF season of 1988/1989, 1995/1996, and 2009/2010 transition years

were chosen as indicators of synoptic conditions responsible for the regime change.
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Figure 16. The NDJF season synoptic conditions for the 1988/1989 transition period. Left panel:
mean sea-level pressure. Middle panel: geopotential at 500 hPa. Right panel: wind field at 500 hPa.
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Figure 16 displays the synoptic conditions of the 1988/1989 NDIJF transition period. The
mean sea-level pressure data clearly displays a high-pressure field extending through the
Mediterranean up to the British Isles, and a strong low-pressure field descending from
Iceland. The 500 hPa geopotential and wind fields point to the jet stream channelling storms
between the strong North Atlantic pressure systems towards Northern Europe leaving the
Mediterranean dry. These conditions clearly correspond to the positive NAO phase, resulting
in lower sea level across the Adriatic. The conditions were most pronounced for January

1989 when the mean see-level pressure data over the Mediterranean surpassed 1030 hPa.
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Figure 17. The NDJF season synoptic conditions for the 1995/1996 transition period. Left panel:
mean sea-level pressure. Middle panel: geopotential at 500 hPa. Right panel: wind field at 500 hPa.
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The 1995/1996 NDIJF transition period was found to relate to the decrease in the NAO index,
leading to synoptic conditions presented in Figure 17. In contrast to the 1988/1989 shift, the
mean sea-level pressure data this time reached only about 1015 hPa across the Mediterranean
since the Azores High is weaker and the Icelandic Low extends all the way to Western
Europe. Moreover, this caused the Siberian High to be drawn into Northern Europe resulting
in dry, cold air over that area. The 500 hPa geopotential and wind fields point that the jet
stream bypassed the weak Icelandic Low and turned south channelling cyclonic activity to

the Mediterranean. Consequently, it was shown that this correlates to higher sea levels across

the Adriatic.
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Figure 18. The NDJF season synoptic conditions for the 2009/2010 transition period. Left panel:
mean sea-level pressure. Middle panel: geopotential at 500 hPa. Right panel: wind field at 500 hPa.
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The last transition period resulting in a sea-level regime shift was found for the 2009/2010
NDIJF season. The synoptic conditions are presented in Figure 18. This period’s conditions
were similar to the 1995/1996 situation since they also corresponded to the negative NAO
index and increase of sea level across the Adriatic. Somewhat weaker Siberian High could
be observed in Northern Europe and the low-pressure field once again extended further south
than in the case of the 1988/1989 transition period, covering almost the entire domain in
December 2009 and February 2010. The 500 hPa geopotential and wind fields show that the
jet stream in the very south of the domain channelled cyclonic activity to the Mediterranean.
Therefore, the 2009/2010 transition period displayed a stronger NAO negative phase and

higher sea levels than the 1995/1996 transition period as found in prior analysis.

To analyse the conditions throughout the regimes, the mean sea-level pressure, 500 hPa
geopotential and wind were averaged for the NDJF season for years 1989, 1990, 1992, and
1993 for the first regime; 1997, 1999, 2001, and 2004 for the second regime; and 2010, 2011,
2013, and 2015 for the third regime. Four years were chosen to represent each of the shifts

after manually inspecting the conditions for every year.

The first found regime shift started in 1989 and it is a good representation of the positive
phase of the North Atlantic Oscillation. The averaged mean sea-level pressure, geopotential,
and wind data display the same characteristics found for the starting point of the shift. The
pressure gradient and wind speed were fairly weaker, but the strong high-pressure and low-
pressure systems are easily distinguished. The jet stream again conveyed storms between the
pressure systems towards Northern Europe resulting in less cyclonic activity across the
Mediterranean. This implies that the NAO index was predominantly positive during the

1989-1996 regime, which agrees with the prior analysis. The result is shown in Figure 19.

The next regime shift started with a sharp drop of the NAO index in 1996 and lasted until
2009 (Figure 20). However, during these years, the NAO index was slightly positive in 1999,
2000, 2002, 2003, 2004, and 2007. The result displays weaker mean sea-level pressure
systems and weaker pressure gradient, but when compared to the first regime, the mean sea-
level pressure over the Adriatic was only slightly lower. However, because of the weaker
gradient, the 500 hPa geopotential and wind fields show the jet stream was channelling
cyclonic activity in the very south of the domain, over the Mediterranean. It was shown that

this resulted in higher sea levels across the Adriatic for an average of 2.07 cm.
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Figure 19. The annual mean NDJF season synoptic conditions for the 1989-1996 regime. Left panel:
mean sea-level pressure. Middle panel: geopotential at 500 hPa. Right panel: wind field at 500 hPa.

The last regime shift started in 2009 and has been active at least until 2018. The synoptic
conditions overview presented in Figure 21 once more show weak high-pressure and low-
pressure systems, with low gradient in-between. The resulting jet stream was therefore
weaker, and the westerlies were moved southward, bringing warm moist air over the
Mediterranean. This indicates the NAO was on average in its negative phase during this last

sea-level shift, even though it had some positive values from year 2013 until 2018.
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Figure 20. The annual mean NDJF season synoptic conditions for the 1996-2009 regime. Left panel:
mean sea-level pressure. Middle panel: geopotential at 500 hPa. Right panel: wind field at 500 hPa.

To conclude, the synoptic analysis demonstrated that all climatic shifts were related to
pronounced changes of the NAO. When comparing Figure 19 to Figure 20 and Figure 21,
the different effects that the NAO generated across the Mediterranean, and thus Adriatic, are
evident. The positive phase in 1989-1996 likely corresponded to less cyclonic activity over
the Mediterranean, while the negative phases from 1996-2009, and 2009-2018 corresponded
to higher cyclonic activity. It is important to note that the negative phases are not the only

cause of sea-level rise, as the climate change should also be considered.
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Figure 21. The annual mean NDJF season synoptic conditions for the 2009-present regime. Left
panel: mean sea-level pressure. Middle panel: geopotential at 500 hPa. Right panel: wind field at 500
hPa.

4.3.1. Mean Sea-level Pressure Over The Adriatic Sea

To better understand the sea-level regime shifts over the Adriatic, the mean-sea level
pressure synoptic fields over the Adriatic were further analysed. The analysis was done for

the NDJF season 1988/1989, 1995/1996, and 2009/2010 transition periods.

The NDJF season mean sea-level pressure fields over the Adriatic for the 1988/1989

transition period are presented in Figure 22. The result shows mean sea-level pressure ranged
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from about 1020 hPa to about 1032 hPa. The minimum values were obtained for November

and December 1988, while the maximum values were obtained for January 1989.
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Figure 22. The NDJF season mean sea-level pressure fields over the Adriatic Sea for the 1988/1989

transition period.

Next, the same analysis was done for positive regime shifts: the 1995/1996 and 2009/2010
transition periods. For the 1995/1996 transition period, the mean sea-level pressure values
ranged from about 1011 hPa to approximately 1017 hPa, as seen from Figure 23. The
minimum values were obtained for February 1996, while the maxima were obtained for
November 1995. For the 2009/2010 transition, however, the values ranged from about 1007
hPa to about 1016 hPa, with the maxima in November 2009, and minima in February 2010.
The NDJF 2009/2010 transition period mean sea-level pressure fields over the Adriatic are

presented in Figure 24.
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Figure 23. The NDJF season mean sea-level pressure fields over the Adriatic Sea for the 1995/1996

transition period.

If we compare the three results, we can see that the highest mean sea-level pressure obtained

value is associated with the 1989 regime shift when the sea level decreased, while the lowest

value is related to the 2009 regime shift when the sea level abruptly increased. The IB effect

is partly responsible for the sea level change in response to the air pressure, and its

contribution to sea-level variability was computed to range from 40.4% at Dubrovnik to

49% at Rovinj for the NDJF season time series. Hence, this chapters analysis only further

confirms the existence of sea-level and mean sea-level pressure regime shifts, as well as their

correlation.
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Figure 24. The NDJF season mean sea-level pressure over the Adriatic Sea for the 2009/2010

transition period.

33



5. Conclusion

In this study, an analysis of the observed Adriatic mean sea-level time series has been
carried out in order to determine the primary causes of the changes documented during the
last 50 years. Significant positive sea-level trend, related to climate change, was detected for
all stations. Further on, using Rodionov’s regime shift index algorithm, several regime shifts
were detected. The first pronounced regime shift occurred in 1989 resulting with mean sea
level lower than usual for an average of 4.37 cm during the next 7 years; the second regime
shift occurred in 1996 when mean sea level increased for an average of 2.07 cm during the
next 13 years; and the third regime shift, which lasted at least until 2018, started in 2009
when mean sea level abruptly increased to 5.3 cm above average during the 2009-2018

period.

A relationship between the North Atlantic Oscillation (NAO) and sea-level data has been
explored establishing moderate and statistically significant correlation between the two for
all data, and even stronger correlation for the November-December-January-February
(NDJF) season. All climate shifts were related to pronounced changes of the NAO. The
negative shift starting in 1989 was related to the positive phase of the NAO, i.e. to weaker
cyclonic activity over the Mediterranean and the Adriatic Sea. Oppositely, the two latter
positive regime shifts were related to significant decrease and negative phases of the NAO,
with the NAO reaching the most negative values of the entire observation period during the
shift starting in 2009. Negative phase of the NAO corresponds to stronger cyclonic activity

over the Mediterranean and the Adriatic Sea.

Furthermore, since the NAO influence on the Mediterranean sea level is primarily
manifested by the local atmospheric pressure effects and wind field over the basin, the mean
sea-level pressure and wind data were further analysed. It was shown that the mean sea-level
pressure and the longshore wind were highly correlated to the recorded sea-level change.
The former is because of the inverse barometer effect, which explained up to 49% of sea-
level variability for the NDJF season, while the latter is presumed to be because of the Ekman
transport and building up of water due to the sirocco wind, but it lacks detailed analysis.
Moreover, regime shifts similar to the ones for sea level data were detected for all climatic

atmospheric data.
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Lastly, observed regime shifts were further analysed by reviewing synoptic conditions. It
was once more confirmed that all the climate shifts were related to pronounced changes of

the NAO.

In conclusion, the documented variability of the Adriatic sea level during the last 50 years,
and in particular the accelerated rise during the last 20 years, represent a combination of
mean sea-level rise due to climate change and due to atmospherically induced shift of climate

regimes, which are manifested by the local atmospheric pressure and wind field variability.
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Appendix A

Once we find the t-value of a t-test, and calculate the degrees of freedom (DF), we can
compare the t-value to the critical value from the cumulative t-distribution table for one-tail

P =0.05 (third column).

P

one-tail 0.1 0.05 0.025 0.01 0.005 0.001 0.0005
two-tails 0.2 0.1 0.05 0.02 0.01 0.002 0.001

DF
1 3.078 6.314 12.706 31.821 63.656| 318.289| 636.573
2 1.886 2.92 4,303 6.965 9.925 22.328 31.6
3 1.638 2.353 3.132 4,541 5.841 10.214 12.924
4 1.533 2.132 2.776 3.747 4.604 7.173 8.61
5 1.476 2.015 2.571 3.365 4.032 5.894 6.869
6 1.44 1.943 2.447 3.143 3.707 5.208 5.959
7 1.415 1.895 2.365 2.998 3.499 4.785 5.408
2 1.397 1.86 2.306 2.896 3.355 4.501 5.041
2 1.383 1.833 2.262 2.821 3.25 4.297 4.781
10 1.372 1.812 2.228 2.764 3.169 4.144 4.587
11 1.363 1.796 2.201 2.718 3.106 4.025 4.437
12 1.356 1.782 2.179 2.681 3.055 3.93 4.318
13 1.35 1.771 2.16 2.65 3.012 3.852 4.221
14 1.345 1.761 2.145 2.624 2.977 3.787 4.14
15 1.341 1.753 2.131 2.602 2.947 3.733 4.073
16 1.337 1.746 2.12 2.583 2.921 3.686 4.015
17 1.333 1.74 2.11 2.567 2.8938 3.646 3.965
13 1.33 1.734 2.101 2.552 2.878 3.61 3.922
19 1.328 1.729 2.093 2.539 2.861 3.579 3.883
20 1.325 1.725 2.086 2.528 2.845 3.552 3.85
21 1.323 1.721 2.08 2.518 2.831 3.527 3.819
22 1.321 1.717 2.074 2.508 2.819 3.505 3.792
23 1.319 1.714 2.069 2.5 2.807 5.485 3.768
24 1.318 1.711 2.064 2.492 2.797 3.467 3.745
25 1.316 1.708 2.06 2.485 2.787 3.45 3.725
26 1.315 1.706 2.056 2.479 2.779 3.435 3.707
27 1.314 1.703 2.052 2.473 2.771 3.421 3.689
28 1.313 1.701 2.043 2.467 2.763 5.408 3.674
29 1.311 1.699 2.045 2.462 2.756 3.396 3.66
30 1.31 1.697 2.042 2.457 2.75 3.385 3.646
60 1.296 1.671 2 2.39 2.66 3.232 3.46
120 1.289 1.658 1.98 2.358 2.617 3.16 3.373
1000 1.282 1.646 1.962 2.33 2.581 5.0938 3.3
Inf 1.282 1.645 1.96 2.326 2.576 3.091 3.291
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Appendix B

function [RSI,xtemp,shift] = Rodionov(X,t,L)

% Example:
% i = 3; % Split

% [RSI,xtemp,shift] = Rodionov(sl.(stations{i}),2.1,10);

% variables
len = length(X);
shift = []; % shift points
changepoint = 1;

% average st.dev (variance when squared) for running
% l-year intervals in time series of variable X
var_L = mean(movvar(X,L, 'Endpoints’, 'discard"));

% diff is the difference between mean values of two

% subsequent regimes that would be statistically

% significant according to the Student’s t-test
diff = t * sgrt(2 * var_L / L);

% initial, first regime, R1, mean value
x1 = mean(X(1:L));

%% loop
for j = L+1 : len

% reset for new loop iteration
xtemp = zeros(1,len);

% regime doesn't change:
if abs(X(j) - x1) <= diff
if (j-(L-1)) > changepoint
x1 = mean(X(j-(L-1):3));
end
continue

% possible regime changes:
else
for i = j : j+L-1
if i > len
break;
else

if (X(3) > (x1 + diff)) == true % keeps calc the same

xtemp(i) = X(i) - (x1 + diff);
else

xtemp(i) = (x1 - diff) - X(i);
end

RSI(j) = sum(xtemp) / (L * sgrt(var_L)); %

if RSI(j) <= @

RSI(j) = 0;
x1 = mean(X(j-L+1:3));
break;

end

eq
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end

end

end
end
end

% recording the shift
if RSI(j) > @
shift = [shift, j];
changepoint = max(shift);
if (j+L-1) > len
x1 = mean(X(j:end));
else
x1

mean(X(j:j+L-1));
end
end
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