symmetry

Article

Identifying the Dynamics of the Sea-Level Fluctuations in
Croatia Using the RAPS Method

Danko Markovinovié 1, Nikola Kranj¢i¢ 2-*(, Bojan Durin

check for

updates
Citation: Markovinovi¢, D.; Kranj¢i¢,
N.; Durin, B.; Bjelotomi¢ Orsuli¢, O.
Identifying the Dynamics of the
Sea-Level Fluctuations in Croatia
Using the RAPS Method. Symmetry
2021, 13, 289. https://doi.org/
10.3390/sym13020289

Academic Editor: Francisco
G. Montoya

Received: 3 January 2021
Accepted: 4 February 2021
Published: 8 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1® and Olga Bjelotomi¢ Orsulié¢ 3

Department of Civil Engineering, University North, Jurja KriZanic¢a 31b, 42000 Varazdin, Croatia;
danko.markovinovic@unin.hr (D.M.); bojan.durin@unin.hr (B.D.)

Faculty of Geotechnical Engineering, University of Zagreb, Hallerova aleja 7, 42000 Varazdin, Croatia
3 IGEA Ltd., Frana Supila 7/b, 42000 Varazdin, Croatia; olga.bjelotomic@gmail.com

*  Correspondence: nikola.kranjcic@gfv.unizg.hr

Abstract: Seawater level changes are affected by natural and anthropogenic impacts. While climate
changes are considered to be a cause for all significant recent variations in meteorological and
hydrological parameters, there is still a need for the analysis at the smaller regional scale, especially
of the seawater level changes. A regional analysis is essential for early warning of upcoming
changes that could, firstly, affect islands and coastal areas and, subsequently, expand on larger areas.
The determined regional changes could affect the salinity of drinking water sources, increase the
presence of natural flooding, and impact land degradation. In this paper, an analysis of local seawater
level fluctuations is provided for three available locations in Croatia distributed along the Adriatic
Sea’s coast. The rescaled adjusted partial sums (RAPS) method was used and applied on time series
of the average daily seawater levels for each location. Visual interpretation of the RAPS method
indicated the appearance of common regularities of the observed quantities, in this case, averaged
daily seawater level changes. Also, it was shown that the regional shape and indentation of the coast
did not have a strong effect on the seawater level’s rise. Seasonal changes in the sea level are mostly
periodic and, therefore, have symmetry visible in its behavior. Fluctuations in the dynamics of sea
level studied in this paper were not regular and predictable with simple linear equations, but the
symmetry was also found to be present in the irregularities identified with the RAPS method.

Keywords: sea level; climate impact; regularities; climate changes; RAPS; Adriatic Sea

1. Introduction

Generally, relative sea-level changes are caused by transfers of water mass between oceans
and continents due to the enlargement and deflation of immense ice layers. These changes
are mainly caused by global climate changes. However, significant vertical movements in
the Earth’s crust appear over long periods of time that should also be taken into the account.
These movements cannot be exactly determined and their value stated, but they can be
identified and eliminated to some extent from Earth observations. This includes co-seismic
uplift and subsidence during hazardous earthquakes (Mw > 8), Earth’s surface displacements
caused by a long-term process of glacial isostatic adjustment, and global ocean volume changes
as a result of plate—tectonic movements [1]. Not only are vertical changes affected by the
mentioned Earth processes, but sea-level changes also reshape coastal surroundings by their
horizontal shift. The main impacts of sea-level rise are increased coastal erosion and loss of the
land, increased risk of flooding, and saltwater intrusion into freshwater resources [2].

The abovementioned processes occur at different locations on Earth. There is no single
location at which all of these processes are happening at the same time. Therefore, it is
impossible to record them collectively at once. However, we can record and monitor the
behavior of one of the processes, observing its behavior, and analyze any possible regular
trends that can be identified as a systematic and periodic Earth behavior resulting in a
clearer set of original measurements.
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The rate of sea-level rise has increased. Between the years 1900 and 1990, studies
show that the sea level rose between 1.2 mm and 1.7 mm per year on average at a global
level as measured by satellite altimetry [3]. By the year 2000, that rate had increased to
approximately 3.2 mm per year, and the rate in 2016 was estimated to be 3.4 mm per year.
In 2019, the sea level rose 3.3 mm. Figure 1 shows the rise in sea level over the last three
decades at a global level. As mentioned in Reference [4], during the period 1993-2018,
the sea level varied from —1.41 + —0.47 mm per year for six locations in the Adriatic Sea

1995 2000 2005 2010 2015
YEAR

Figure 1. Rise in the sea level at a global level from 1993 to 2019 [3].

Numerous studies have dealt with the estimation of how much and how fast the global
average sea level is rising. The main difference among the studies is the analytical approach.
The first approach quantitatively describes the physical processes contributing to the global
sea rise [2], such as thermal change influence on ocean water volume, land ice melting,
and changing the depth of global ocean basins [5], while the second approach tries to predict
the future rise in sea levels based on observed temperature changes. The first approach
was used in Intergovernmental Panel on Climate Change (IPCC) climate assessments.
Within this approach, physical models are used to estimate contributions from the sea level
components, such as thermal expansion and melting from glaciers and the dynamics of ice
sheets, with their summation in the last stage of estimation [6-8]. The second approach is
based on a hypothesis that the sea level rises faster as it gets warmer [2]. This approach uses
semiempirical models in order to form statistical relationships between sea-level change
and global temperature [9-11] or radiative forcing [12,13], respectively.

Sea-level fluctuations, which occur over wide ranging timescales, may have periodic
or aperiodic characteristics visible. Symmetry can be detected in irregularities in rescaled
adjusted partial sums (RAPS) graphs, since the dynamics of sea level studied in this paper
are not predictable with linear trendlines. The most recognizable periodic oscillations are
the ones that occur due to the fact of seasonal changes in density or meteorological param-
eters [14]. Aperiodic sea-level changes cannot be assigned to an exact cause, since their
behavior does not reoccur in the same shape at the same time intervals. They are the
result of several meteorological dynamic processes that cannot be determined separately
and eliminated from observations. In addition, anthropogenic influences [14] were re-
cently acknowledged and recognized as significant factors regarding sea-level changes,
comprising greenhouse gases and increases in the temperature of Earth’s atmosphere,
which consequently also induce a rise in sea levels.

Figure 2 shows a schematic illustration of the climate and non-climate driven processes
that can influence global, regional (green colors), relative, and extreme sea-level events
(red colors) along coasts. Major ice processes are shown in purple, while general terms
are shown in black. Sea level equivalent (SLE) reflects an increase in the global mean sea
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level if the mentioned ice mass is completely melted into the ocean [15]. Figure 2 gives
insight into the complexity and impacts of the different causes of rises in levels of sea water.
Due to the processes’ complexity, which occur due to the rise and fall of the sea, in Croatia,
there is the danger of coastal and island settlements becoming flooded.

Figure 2. Natural and anthropogenic impacts on the sea level rising.

The main aim of this study was to identify possible connections between three avail-
able seawater level measuring stations, i.e., between their average daily seawater level
changes. The RAPS method was used for this purpose, and the effects of the coast’s relief
on seawater level changes were analyzed.

2. Methodology

The application of linear trend determination for sea-level observations is a well-
established and familiar approach. However, linear trends as a method only point out
predictable and obvious disturbances over a large set of data that occur in some repetitive
periodical aspect. To detect and identify possible disturbances outside of the scope of
seasonal changes, some scientific areas use the RAPS method. It is statistical method which
can deal with a large set of data in order to detect and describe periodic and/or aperiodic
behavior. This method was chosen due to the fact of its applicability in detecting variational
trends apart from the main trend in a time series of a monitored occurrence; it can be used
for hydrological analysis of river flows [16] (as well as in most hydrological research [16]),
precipitation [17], water temperatures [18], meteorological parameters for the purpose of
the clay excavation [19], waste water quality analysis [20], etc.

We used it in this paper on a large time series of available 18 years of averaged daily
seawater levels to examine whether it would highlight the subsets of default (original)
time series if they existed.

The RAPS method is a time series analysis method based on visual determination
of a subseries from the original (given) series of continued data. By using the values of
an average value and standard deviations of the observed time series, sums of the RAPS
values provide insight into the new subseries parts, where occurrences of the data grouping,
fluctuations, and similar appearances during the time is based on:

P
RAPS, =Y Ny
t=1 Y

)
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where Y; is the value of the analyzed member (parameter) of the considered time series, Y is
an average value of the considered time series, Sy is standard deviation of the considered
time series, 7 is a number of members of the considered time series, and k=1, 2,..., nis a
counter during summation procedure [16].

The plot of the RAPS offers a reasonable visualization of the readily apparent mode of
the underlying trend, which cannot be seen in the standard time series plots [21]. The RAPS
method could be applied to the data time series.

The first step in the analysis is defining the linear trend, which is a common procedure
in the determination of the rise or fall of average daily seawater levels time series. In cases
where such a determination cannot be realized due to the low values of the determination
coefficient, the RAPS method has been found to be suitable. Apart from the main analysis
of the resulting subseries, consequently, a comparison of the RAPS single and summed
values for all measuring stations was done.

3. Case Study

To apply the RAPS method on time series data of sea levels, the Croatian Meteoro-
logical and Hydrological Service (CMHS) provided average daily seawater level data for
three locations on the Croatian part of the Adriatic coast. These were Martins¢ica, on the
island of Cres, and Prosika and Golubinka, which are on the coast. Seawater levels were
measured using a mareograph on an hourly basis and averaged to daily values. Figure 3
presents the locations of observed measurements, all situated along the eastern side of the
Adriatic Sea. Figures 4—-6 show the available time series of averaged seawater levels (H)
for the measuring stations of Martins¢ica, Prosika, and Golubinka [22].
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Figure 3. Locations of the measuring stations for sea water levels [23].
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Figure 4. Linear trend of the averaged daily sea water levels from the Martin§¢ica measuring station [24].
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The northeastern coast of the Adriatic is the western part of the Balkan Peninsula. It is
mostly a hill. Consistent with the relationship between tectonic structures, it refers to a well-
defined longitudinal type. As a result of the combined effect of Holocene transverse and
tectonic coastal precipitation, the sea in domes with positive structures attacked geosynclinal
depressions and exposure wastes, creating numerous long and narrow bays that stretch along
the abrupt coast. This is the busiest coast in the world with a large number of ports, coves,
peninsulas, 1185 islands and islets, and differently shaped rocky outcrops that make-up the
most interesting configurations and have small rocky and pebble beaches. It is intersected
by several bays and coves, the largest of which are the Kvarner and Trieste bays, separated
by an elevated Istrian peninsula. They align longitudinally near the shore, repeating the
corresponding series of positive tectonic folds. The “inner” coast is well protected from the
undulating movement of the island fence. It was practically not exposed to the action of the
sea and retained vivid traces of initial dissection (tectonic and denudation). [22] Therefore,
Martins¢ica and Golubinka are located in semi-closed bays and are not directly exposed to the
waves, which does not affect short-term sea level changes. Prosika, however, is located in a
channel between the Adriatic Sea and Lake Vransko jezero and, therefore, water level changes
are affected not only by the Adriatic Sea but by lake water as well.

Linear regressions between average daily sea water level H (cm) and time t (days)
were also calculated and are shown in Figures 4-6. The obtained values of the coefficient of
determination, R? (0.0263 for Martin&¢ica, 0.0363 for Golubinka, and 0.3101 for Prosika),
were in favor of that. Although the value of R for Prosika (0.5569) showed salient regression,
there was no justification for defining a linear trend. Especially for Martins¢ica (R = 0.1622)
and Golubinka (R = 0.1905), which point out weak regression. It was obvious that defining
a linear trend, as a most common procedure for such analysis, was not justified.

Characteristic statistical parameters for the measuring stations Martins¢ica, Prosika,
and Golubinka are shown in Table 1 [24].

Table 1. Average values, standard deviations, minimum and maximum values, and a range of the
averaged daily sea water levels (cm) for the 18 year time series for the measuring stations Martins¢ica,
Prosika, and Golubinka.

Measuring Station Martinscica Prosika Golubinka
Average value 34 46 49
Standard deviation 12 14 12
Minimum value —10 0 4
Maximum value 89 95 97
Range 99 95 93

Values of standard deviation indicate that changes of the average daily sea water levels
are similar. The correctness of this statement needs to be examined using the RAPS method.

4. Results and Discussion

Based on linear trend problem explained in Section 3, the RAPS method was applied
to the observed time series for each measuring station. Figures 7-9 present the RAPS
method applied to each measuring station. The RAPS analysis was based on identifying
the next “higher hill” or “lowest bottom”. Such points divide the original time series of the
average daily sea water level rising on new subseries.

As can be concluded from Figures 7 and 8, the Martins¢ica and Golubinka measuring
stations have almost the same overlapping pattern of the RAPS values. Hence, subseries of the
original sea level changes series can have possibly similar causes. RAPS values for Prosika
also overlap with RAPS values of the mentioned two stations but not in the same shape of
the pattern. It could be seen that RAPS values for the Martins¢ica and Golubinka stations
separated at the end of the 2008, while separation of the Prosika station had a “’delay” of one
year, at the end of 2009. Regarding geographical position and indentation along the coast
(Figure 3), it can be concluded that those two factors did not have an impact on the RAPS
values due to the topography in the station’s vicinity.
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The Prosika measuring station has different RAPS values from Martins¢ica and Gol-
ubinka, which can be seen from Figures 7-9. The Martins¢ica and Golubinka measuring
stations are open to the sea, while the Prosika measuring station is located in the channel
and between the Adriatic Sea and Lake Vransko jezero.

Possible connections among changes in seawater levels were tested by the analysis of
the mutual correlations between RAPS single values (Figures 10-12) as well as between
RAPS summation values (Figures 13-15).

RAPS Single values

R? =0.8602

2 25 3 3.5 4 4.5

RAPS Golubinka

" RAPS Martinggica

Figure 10. Correlation among single values of the RAPS for Golubinka and Martins¢ica.
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Figure 11. Correlation among single values of the RAPS for Prosika and Martins¢ica.
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Figure 15. Correlation between summed values of the RAPS for Prosika and Golubinka stations.

The Martins¢ica and Golubinka measuring stations had the biggest correlation (R = 0.9275),
which means a strong significance. This is due to the observed overlapping of the subseries
from Figures 5 and 6.

Other observed correlations between other measuring stations also had significance.
Prosika and Martin$¢ica, with R = 0.8186, as well as Prosika and Golubinka, with R = 0.8757,
also had a close significance but smaller compared with the connections between Mart-
insc¢ica and Prosika.

It can be seen that same conclusion regarding the connection between the Martinscica
and Golubinka stations, obtained from Figure 10, was derived from Figure 13. In this case,
the significance was functional (R = 0.9595). The same conclusion was established for the
Prosika and Martinscica stations (R = 0.9443) as well as between the Prosika and Golubinka
stations (R = 0.9037).

The results revealed that a relationship between all three measuring stations, i.e.,
daily seawater level changes is remarkably high. As mentioned earlier, high average daily
seawater levels could result in flooding of settlements that are at lower altitudes. The main
correlations between these stations will be thoroughly discussed in further research/papers,
where additional parameters will be analyzed. Seawater level changes can especially affect
the quality of drinking water in coastal areas, which could pose a huge threat to this area.

5. Conclusions

The presented research was conducted over a sea-level time series to determine the
unseasonal non-linear trend of data behavior if present. The preliminary analysis of the
RAPS method applied over the sea-level measurements resulted in a possible correlation
detected between average daily seawater level rises at the regional scale level in Croatia,
regarding the three different locations of observed measurements. Periodic overlapping
was observed between all measuring stations. The analysis showed that the regional shape
and indentation of the coast did not have an effect on the rise in seawater levels, although
land movement could have impact on long-term seawater level changes. Furthermore,
the results showed the joint presence throughout the aperiodic visible subset of the observed
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sea-level time series of different kinds of Earth movements, mentioned in the Introduction,
that do have an impact on sea-level rise.

Since the RAPS method is a statistical and not a deterministic method, it is not
possible to extract the further impact of such influences on sea-level in deterministic,
millimeter values. However, the analysis showed that it can be used as a useful tool for a
supplementary insight in data’s behavior and detection of possible sea-level fluctuations
apart from seasonal periodic trend.

Further analysis should be more complex with regards to the analysis of the impact of
climate factors as well as the measurement of raising and lowering the terrain. The RAPS
analyses, as well as mutual connections of RAPS values between particular stations, in-
dicated particular periods that need to be paid attention to during subsequent analysis.
This refers primarily to a mutual comparison of the time series of climate factors. The next
recommendation is a comparison with values and trends of the coastal terrain. This will
complete the overall picture of the problem, while the first step is the analysis presented in
this paper. Despite the limitations of using a partly visual analysis comprising RAPS solu-
tions, determined conclusions indicate reliability in identifying nonlinear trends obtained
from such an approach.
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