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Abstract: This work presents an 18-year-long (2002–2019) tide-gauge dataset collected on the Island of
Ischia (Gulf of Naples, Southern Tyrrhenian Sea) that can contribute to the analysis of the basic features
of sea-level variability in this region. Analysis of tidal constituents shows that the Gulf of Naples is
characterized by the absence of any amphidromic system. In this area, sea-level changes due to the
astronomical component of the tide are generally limited to ±20 cm with respect to the mean sea level,
but the impact of this variability is enhanced by global sea-level increase and the effect of regional
atmospheric perturbations that might also triple sea-level variations. The effects of these events,
whose frequency has increased in recent decades, has been dramatic in coastal areas where intense
social and economic activity occurs, e.g., in Ischia. On interannual time scales, the results indicate that
the relative sea-level rise in Ischia has a magnitude of 3.9 mm/year. Special attention is dedicated to
the “acqua alta” episodes and to their linkage with long-term sea-level trends and atmospheric forcing.

Keywords: sea level change; tide-gauges; atmospheric variability; Tyrrhenian sea; climate change;
interannual variations; acqua alta

1. Introduction

Sea level (SL) can change over a wide range of temporal and spatial scales. Even though available
in situ observations are characterized by a sparse and uneven spatial distribution [1] that largely limits
their use [2], tide-gauge records represent the main source of information about local SL variations
from the last two centuries [3–7]. Previously, tide-gauges were mainly used for navigation issues,
e.g., to observe and forecast SL variations associated with the tide, but nowadays they are also essential for
evaluating oceanographic models, e.g., [8], validating satellite data [9,10], and performing instrumental
calibration of satellite missions [11,12], as well as being used in the framework of long-term climatic
studies. With growing comprehension of SL variation and its interaction with atmospheric variability, the
importance of these records has then enlarged to coastal area management issues. A global SL rising trend
has been associated with climate change and human-originated greenhouse effects, e.g., [13–17]. In its fifth
assessment report (AR5), the Intergovernmental Panel on Climate Change (IPCC) estimated SL increases
of 1.7, 2.0, and 3.2 mm/year in the periods 1901–2010, 1971–2010, and 1993–2010, respectively [18–20],
with potential dramatic societal impacts on coastal regions [21]. In particular, AR5 indicates that the
Mediterranean Sea is one of the most vulnerable regions in the world in terms of the impacts of climate
change and SL rise.
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The analysis of the longest tide-gauge series along the Mediterranean Sea coasts indicates a rate
of SL rise of 1.1–1.3 mm/year over the 20th century [22]. This trend is not homogeneous, with a
period of SL decrease after the 1960s [22] and a fast rise in SL observed since the late 1990s [23,24].
Furthermore, a high-resolution SL time series showed the existence of a seasonal signal superimposed
on the long-term trend [19]. Finally, the presence of densely populated areas along the coasts and a
high-value economic activity have enhanced these impacts. The Campania Region coast in the
Southern Tyrrhenian Sea has been identified as one of the Italian coastal areas that is most susceptible
to inundation risk [25–27].

Although estimations of SL trends have been retrieved on the basis of the longest tide-gauges
records available, the temporal and spatial distributions of these instruments strongly affect the results.
SL can significantly vary from one region to another, and a variety of processes cause local trends
to deviate from the global mean rate of change [7,28]. Therefore, it is not straightforward to infer
the rate of global ocean volume change from these data. It is necessary to study SL changes on a
local or regional basis to determine both the long-term trend and the shorter wavelengths of the
signals, as well as to understand the different geophysical processes associated with such changes [13].
These efforts could then help in distinguishing between natural and anthropogenic changes occurring
in the Earth’s climate system and affecting the livelihoods of millions of people [29]. In this context,
the availability of additional tide-gauge data in the Mediterranean Sea and detailed study of the
Tyrrhenian sub-basins [30–32] is important to provide more accurate information on basin circulation
and on the local SL variability and its trends.

In the Gulf of Naples (GON) in the Southern Tyrrhenian Sea (Figure 1), the University of Naples
“Parthenope” manages a large weather and oceanographic monitoring network that includes weather
stations, a weather radar, wave-buoys, oceanographic moorings, and a coastal high-frequency radar
network. In this framework, since 2002, a tide-gauge has operated on the island of Ischia (IS). In this
area, SL variability due to the purely theoretical astronomical component is ±20 cm with respect to
the mean SL, but the impact of this variability is enhanced by the global SL increase and the effect of
regional atmospheric perturbations that can even triple SL variations. A second tide-gauge is located
in the GON at Castellammare di Stabia (CS), but it has only operated since 2011. The locations of both
the instruments were planned according to the different geological histories and characteristics of the
sites. Ischia is characterized by intense volcanic activity and a complex tectonic history [33], while CS
is located next to the Monti Lattari carbonate reliefs that are characterized by greater stability [34].

Together with the Volturno coastal plain, Ischia and Castellammare are characterized by
high economic and ecological value, due to the presence of tourist structures, farm activities,
and wetland protected zones [27] that increase their vulnerability to sea level rise and storm surge.

In this study, the 18-year IS tide-gauge dataset was carefully analyzed to identify the basic features
of SL variability and the interactions with the atmospheric variability and to describe the possible
causes of the remarkable “acqua alta” (“high water”, hereafter AA) episodes in Ischia. To reach this
aim, the IS SL data interannual variability was analyzed, and a comparison between IS tidal constants
with nearby tide-gauges, including CS, was conducted. The frequency and amplitude of the AA
events are discussed. The “Materials and Methods” section describes the tide-gauges, their locations,
and the collected observations, as well as the air pressure data and the large scale atmospheric indices
included in the analyses. Finally, future perspectives for the analysis of SL variability in the study area
and improvements in the tide-gauge network are also described.
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Figure 1. Study area (upper panels) and locations of the Ischia (IS—red square) and Castellammare 
di Stabia (CS—green square) tide-gauges. Bathymetry is indicated through the color scale. The lower 
(left and right) panels show the IS and CS sites respectively. 

2. Materials and Methods 

2.1. Tide-Gauge Data 

A “Thalimedes” tide-gauge by OTT HydroMet (IS in Figure 1) was installed in 2002 on the island 
of Ischia (in the GON) by the Department of Science and Technology of the University of Naples 
“Parthenope.” The instrument is located and operates in the northeastern part of the island, inside its 
main harbor (Lat: 40.745833° N Lon: 13.940556° E) whose entrance faces winds coming from the 
North. The “Tahlimedes” is a float-operated tide-gauge suitable for continuous water level 
measurement in both ground and surface water (more details at www.ott.com/). The instrument is 
placed in a stilling well and SL measurements are made by referring to benchmarks placed on the 
dock that are not connected to the national leveling network. It is noteworthy that the location of the 
tide-gauge did not change throughout the entire study period (2002–2019). A regular maintenance 
plan has been applied on a 6-month basis and is still active. 

It is worth noting that the IS tide-gauge is located on the side of the piers used by the Corps of 
the Port Captaincies from the Coast Guard of Ischia. This pier is 34 cm higher than the old piers 

Figure 1. Study area (upper panels) and locations of the Ischia (IS—red square) and Castellammare di
Stabia (CS—green square) tide-gauges. Bathymetry is indicated through the color scale. The lower
(left and right) panels show the IS and CS sites respectively.

2. Materials and Methods

2.1. Tide-Gauge Data

A “Thalimedes” tide-gauge by OTT HydroMet (IS in Figure 1) was installed in 2002 on the
island of Ischia (in the GON) by the Department of Science and Technology of the University of Naples
“Parthenope.” The instrument is located and operates in the northeastern part of the island, inside its
main harbor (Lat: 40.745833◦ N Lon: 13.940556◦ E) whose entrance faces winds coming from the North.
The “Tahlimedes” is a float-operated tide-gauge suitable for continuous water level measurement in
both ground and surface water (more details at www.ott.com/). The instrument is placed in a stilling
well and SL measurements are made by referring to benchmarks placed on the dock that are not
connected to the national leveling network. It is noteworthy that the location of the tide-gauge did not
change throughout the entire study period (2002–2019). A regular maintenance plan has been applied
on a 6-month basis and is still active.

It is worth noting that the IS tide-gauge is located on the side of the piers used by the Corps of the
Port Captaincies from the Coast Guard of Ischia. This pier is 34 cm higher than the old piers located on

www.ott.com/
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the right side of the harbor where AA episodes are observed. For this reason, tide-gauge data collected
at the Coast Guard pier can efficiently register the AA events.

As stated above, a second “Thalimedes” tide-gauge operated by the University “Parthenope” in
the GON was installed more recently (2011) in Castellammare di Stabia (CS in Figure 1). This instrument
is located in the touristic harbor of Marina di Stabia (Lat: 40.716111◦ N Lon: 14.474722◦ E) and data
were used to complement the harmonic analysis of tide constituents derived from IS observations.

Data analysis and quality control procedures were performed in accordance with the guidelines of
the Intergovernmental Oceanographic Commission (IOC) [35–37] and the Italian Istituto Superiore per
la Protezione e la Ricerca Ambientale (ISPRA) [38,39]. After the removal of episodic spikes and errors,
the Pugh filter [40] was used to retrieve the hourly data, and the Doodson filter [41] was used to obtain
the daily values. According to the ISPRA guidelines, the “length”, “continuity”, and “completeness” of
the time series were estimated.

The “Length” (L) of the time series is simply defined as the difference between the year of the last
record and the year of the first record plus 1. The “Continuity” (Cy) parameter gives an indication of
the length of the periods characterized by good data with respect to the length of the time series and is
expressed as the maximum amount of collectible data. It is defined as

Cy = 1− 2×
number o f data missing intervals

maximum number o f collectable data

Cy values near 1 are then associated with time series containing all valid data without any gaps in
the records.

The “Completeness” (Co) gives an indication of the general quality of the collected data, and its
value is defined by the equation

Co =
number o f valid data

maximum number o f collectable data

The variability in the surface air pressure is one of the most important elements of meteorological
forcing of SL variability over the open ocean as well as near the coast [42]. Due to the inverse barometer
(IB) effect, an increase in air pressure of 1 mbar results in a decrease in SL of approximately 1 cm [43].
Furthermore, coastal SL variability on daily to monthly timescales departs significantly from the IB
response to air pressure change due to the effect of winds on the coastal areas [42]. In order to remove
the atmospheric pressure signal from the SL data, the following equation was used:

∆h = −
∆p
ρg

where ∆h is the variation in SL due to the IB effect, ∆p is the atmospheric pressure variation respect to
the long-term local mean (1015.1 mbar) calculated on air pressure data collected in the framework of
this work (see Section 2.2), ρ is the mean seawater density for the study area, and g is the gravity.

2.2. Atmospheric Pressure Data and Large Scale Atmospheric Variability Indices

The atmospheric pressure data used in this work for the period 2002–2019 were provided by
the University of Naples “Parthenope.” Data, with a temporal resolution of 10 min, were collected
at the Via Acton weather station for the period from January 2002 to September 2011 and in the new
headquarters of the University in Centro Direzionale di Napoli for the period from October 2011 to
December 2019. The distance between the two sites is about 3 km. Both weather stations are located in
the metropolitan area of Naples and lie at a few meters above SL. The air pressure time series was
analyzed and quality controlled according to standard procedures. Within the quality control phases,
the air pressure values were related to the SL and compared with hourly data collected at the Napoli
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Capodichino Airport, located 6 km away from the Acton and 3 km from Centro Direzionale weather
stations, which were provided by the Italian Air Force Weather Service.

Atmospheric data were complemented with wind direction data and speed observations from
January to March 2010 collected by ISPRA through its weather station in Naples (Lat: 40.841389◦ N;
Lon: 14.269167◦ E). These data are available through the webpage https://www.mareografico.it.

The atmospheric variability and its link with SL variation was also investigated through two
available climate indices: the North Atlantic Oscillation Index (NAO) and the Mediterranean Oscillation
Index (MOI).

The NAO index can be defined by the difference in surface sea-level pressure between the Subtropical
High (at Ponta Delgada, Azores) and the Subpolar Low (at Akureyri, Iceland) [44,45]. The literature
offers significant evidence of the relationships between NAO phases and the meteorological dynamics of
the Mediterranean domain, e.g., [46–50]. The positive phase of the NAO reflects below-normal heights
and pressures across the high latitudes of the North Atlantic and above-normal heights and pressure over
the central North Atlantic, the eastern United States, and western Europe. The negative phase reflects an
opposite pattern of height and pressure anomalies over these regions [51] and is synonymous with an
increase in atmospheric transient activity over the western and central Mediterranean basins.

The NAO daily time series used in this study was provided by the Climate Prediction Centre
of the National Oceanic and Atmospheric Administration (NOAA). The procedure used to calculate
this daily NAO teleconnection index is indeed based on the rotated principal component analysis
used by Barnston and Livezey [52]. This procedure isolates the primary teleconnection patterns for all
months in order to allow the reconstruction of the time-series patterns. The technique was applied to
monthly standardized 500 mbar height anomalies in the analysis region (20–90◦ N) between January
1950 and December 2000. The monthly teleconnection patterns were linearly interpolated to the
day in question and therefore account for the seasonality inherent in the NAO patterns. The daily
values were calculated using the same approach, thus representing the combination of teleconnection
patterns that accounts for the most spatial variance in the observed anomaly map on any given day
(https://www.cpc.ncep.noaa.gov/).

Since the NAO index is based on pressure and geopotential height values west of the European
coast, a strong influence of this large-scale pattern on SL via changes in wind stress and sea-level
pressure was expected [53]. In particular, NAO variability has been anticorrelated with the southern
European mean SL variability through the IB effect and large-scale wind patterns [54] over the coastal
areas of Europe and in the Mediterranean Sea, e.g., [54–65].

As highlighted by Brunetti et al. [66], the NAO index explains only a fraction of the central
Mediterranean atmospheric variability. Therefore, in our analysis, we also considered the MOI [67–70],
which is defined as the normalized pressure difference between Algiers (36.4◦ N, 3.1◦ E) and Cairo
(30.1◦ N, 31.4◦ E). A second version of the index can be calculated from Gibraltar’s Northern Frontier
(36.1◦ N, 5.3◦ W) and Lod Airport in Israel (32.0◦ N, 34.5◦ E) [71]. Here, data are presented for both
variants, respectively named MOI1 and MOI2, using pressure interpolated (16-point Bessel) from the
NCEP/NCAR reanalysis.

The negative phase of MOI is generally associated with an atmospheric pattern characterized
by a low-pressure area over the central and western Mediterranean basins; therefore, it describes a
general circulation supporting rainy events across a large part of the Italian peninsula. On the contrary,
the atmospheric scenario associated with the positive phase of this index has very different features.
In fact, a dipole anomaly pattern can be observed, i.e., a negative pressure anomaly on the eastern side
of the Mediterranean region and a positive anomaly in the northwestern area. Because of this pattern,
dry conditions are generally observed on the northern and western sides of the Italian peninsula during
positive MOI events.

https://www.mareografico.it
https://www.cpc.ncep.noaa.gov/
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2.3. Trend Estimation Methods

SL variability occurs on a large set of temporal scales ranging from hours (minutes and seconds in
the case of waves) to years. Several procedures have been developed to distinguish between random
fluctuations and more persistent temporal changes. Tests for the detection of significant trends in long
time series can be classified as parametric and non-parametric methods. Parametric trend tests require
data to be independent and normally distributed, while non-parametric methods only require that
the data are independent and can accommodate seasonal variation and serial dependence in a time
series. The use of non-parametric methods is widely diffuse in environmental, e.g., [72], meteorological,
e.g., [73], and oceanographic, e.g., [74] data.

In this study, the non-parametric Mann–Kendall test was used in order to detect the existence
of long-term temporal trends in the IS time series, while the trend magnitude was evaluated by the
non-parametric Sen’s method.

The basic principle of using Mann–Kendall tests to analyze trends is to examine the signs of
all pairwise differences in observed values [75,76]. Through the calculation of the total sum of SL
variations for each time step and the analysis of its variance, the Mann–Kendall tests provide an
estimation of the so-called “Z” parameter. A positive (negative) value of Z indicates an upward
(downward) trend. Z values are compared to a value of 1.96, which should be obtained for a confidence
interval (upper and lower) of 95%, referring to a normal distribution.

In cases where a significant trend was detected, Sen’s non-parametric method [77] was used
to estimate the true slope of the existing trend (as change per time step). To get the slope estimate
“Q”, the slopes of all data value pairs were first computed, and then the median of the Q values was
calculated. For this methodology, missing values are allowed, and the data need not conform to
any particular distribution. Furthermore, Sen’s method is not greatly affected by single data errors
or outliers.

3. Results and Discussion

3.1. Tide-Gauge Data Preliminary Analysis and Tidal Constituents

The IS tide-gauge began operating on 26 March 2002. After quality control procedures were completed,
its observations were analyzed in order to compute the “length”, “completeness”, and “continuity” of the
18 year time series (Figure 2). IS tide-gauge records were characterized by values of L = 18; Cy = 0.967,
and Co = 0.983. This preliminary analysis was also carried out on the shorter (8 years) CS time series
starting on 9 February 2011. The CS dataset was characterized by values of L = 8, Cy = 1, and Co = 1.
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The IS tide-gauge data were used to calculate the tidal constants and estimate the power spectral
density (PSD) of the IS timeseries. The calculation of tidal constants is particularly useful to analyze
the tide at regional and local scales and to gain insight into their relationships with the dynamics of the
basin. Furthermore, as satellite altimetry data are continuously improving their ability to investigate
coastal areas, the tidal constants, and tide-gauge-data in IS could provide an important reference for
remotely sensed data analysis and instrumental calibration [9–12,78].

In this work, the harmonic analysis of tides was carried out with the MATLAB “t-tide” tool [79].
Only tidal components with a signal to noise ratio of larger than 1 are reported (Tables 1 and 2).
Thanks to the 18-year-long timeseries of data, the IS tide-gauge makes an important contribution
to the determination of tidal constants in the GON and offers well-established average values for
the SL. Such a long time series—154,350 records, corresponding to about 6490 days of continuous
data collection—allowed the calculation of the first 53 components of the astronomic tide at this site
(Table 1).

Table 1. Frequency (Hz), amplitude (m), phase (◦), and corresponding error of the 53 tidal constituents
where the signal to noise ratio was larger than 1 for the Ischia (IS) timeseries. Standard acronyms are
used for tidal components according to the International Hydrographic Organization.

Tidal Component Frequency Amplitude Amplitude Error Phase Phase Error

[Hz] [m] [m] [◦] [◦]

SA 0.00011 0.04223 0.00753 275.83488 10.56418

SSA 0.00023 0.01385 0.00815 96.39392 33.77839

2Q1 0.03571 0.00055 0.00039 329.54163 36.07178

SIG1 0.03591 0.00071 0.00037 320.96412 33.24574

Q1 0.03722 0.00199 0.00039 26.05282 9.87697

O1 0.03873 0.00937 0.00038 114.90251 2.13150

TAU1 0.03896 0.00050 0.00034 264.91656 38.48748

NO1 0.04027 0.00083 0.00025 196.13602 17.54705

PI1 0.04144 0.00128 0.00035 129.89058 17.91288

P1 0.04155 0.00817 0.00033 200.46610 2.58984

S1 0.04167 0.00334 0.00056 265.17196 9.52056

K1 0.04178 0.02813 0.00035 219.95858 0.64616

PSI1 0.04189 0.00130 0.00036 279.94776 16.88132

PHI1 0.04201 0.00073 0.00042 199.78408 29.65075

THE1 0.04309 0.00035 0.00032 256.30201 61.34690

J1 0.04329 0.00148 0.00036 248.91639 13.98859

OO1 0.04483 0.00043 0.00027 293.61793 35.72354

OQ2 0.07597 0.00033 0.00023 202.53649 43.24022

EPS2 0.07618 0.00087 0.00027 206.44114 16.35544

2N2 0.07749 0.00320 0.00022 228.53227 4.52386

MU2 0.07769 0.00391 0.00023 224.93708 3.57347

N2 0.07900 0.02378 0.00024 249.21649 0.55513

NU2 0.07920 0.00450 0.00028 253.24170 2.96859
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Table 1. Cont.

Tidal Component Frequency Amplitude Amplitude Error Phase Phase Error

H1 0.08040 0.00036 0.00026 354.22491 40.51804

M2 0.08051 0.11605 0.00024 263.34442 0.12050

MKS2 0.08074 0.00029 0.00025 308.89712 46.55347

LDA2 0.08182 0.00062 0.00022 252.08874 22.79655

L2 0.08202 0.00352 0.00031 267.77840 5.86598

T2 0.08322 0.00275 0.00026 273.87879 5.04700

S2 0.08333 0.04322 0.00026 282.47517 0.32211

R2 0.08345 0.00041 0.00020 298.33811 28.63368

K2 0.08356 0.01147 0.00021 296.83166 1.26689

MSN2 0.08485 0.00028 0.00022 358.10997 58.63309

ETA2 0.08507 0.00056 0.00023 321.46052 24.15966

MO3 0.11924 0.00192 0.00023 77.29497 6.57455

M3 0.12077 0.00407 0.00022 40.07398 3.54530

SO3 0.12206 0.00068 0.00025 128.92401 21.17344

SK3 0.12511 0.00204 0.00026 354.97139 6.63384

MN4 0.15951 0.00141 0.00007 162.39051 2.64839

M4 0.16102 0.00342 0.00007 203.79874 1.04128

SN4 0.16233 0.00034 0.00007 223.72687 11.49480

MS4 0.16384 0.00208 0.00006 264.19105 1.80286

MK4 0.16407 0.00047 0.00007 283.39939 8.08110

S4 0.16667 0.00036 0.00006 166.82859 11.87666

SK4 0.16689 0.00007 0.00006 129.61752 56.47201

2MK5 0.20280 0.00007 0.00004 270.67088 24.37170

2SK5 0.20845 0.00005 0.00003 207.91530 37.88104

2MN6 0.24002 0.00005 0.00004 291.48814 39.60927

M6 0.24153 0.00011 0.00003 321.15579 16.53225

2MS6 0.24436 0.00014 0.00003 2.15540 14.94986

2MK6 0.24458 0.00004 0.00003 26.47919 47.66250

2SM6 0.24718 0.00004 0.00004 344.13630 56.25650

MSK6 0.24741 0.00003 0.00003 21.26731 58.82638
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Table 2. Frequency (Hz), amplitude (m), phase (◦), and corresponding errors for the 40 tidal constituents
with a signal to noise ratio of greater than 1 for the Castellammare di Stabia (CS) timeseries. Standard
acronyms are used for tidal components according to the International Hydrographic Organization.

Tidal Component Frequency Amplitude Amplitude Error Phase Phase Error

[Hz] [m] [m] [◦] [◦]

SA 0.00011 0.03998 0.01052 268.45971 16.91032

SSA 0.00023 0.01753 0.01082 77.24666 39.59678

2Q1 0.03571 0.00075 0.00056 338.31146 58.67968

SIG1 0.03591 0.00072 0.00061 329.26622 43.17487

Q1 0.03722 0.00209 0.00070 41.78789 19.04889

O1 0.03873 0.00996 0.00059 126.92249 3.31510

NO1 0.04027 0.00108 0.00045 168.58926 25.51024

PI1 0.04144 0.00130 0.00053 141.36931 22.67050

P1 0.04155 0.00736 0.00054 198.66490 4.32768

S1 0.04167 0.00512 0.00070 282.29873 7.91398

K1 0.04178 0.03181 0.00054 211.00035 1.13173

PSI1 0.04189 0.00178 0.00055 308.38762 17.99524

J1 0.04329 0.00188 0.00055 229.76715 22.95559

EPS2 0.07618 0.00088 0.00032 215.45979 23.58849

2N2 0.07749 0.00334 0.00029 237.35181 5.56670

MU2 0.07769 0.00398 0.00029 225.58832 4.31571

N2 0.07900 0.02430 0.00029 247.28484 0.76937

NU2 0.07920 0.00456 0.00031 249.83144 3.56994

H1 0.08040 0.00101 0.00028 279.77635 19.41432

M2 0.08051 0.11791 0.00034 261.62021 0.14881

H2 0.08063 0.00102 0.00029 225.91666 17.48227

MKS2 0.08074 0.00086 0.00039 263.24797 30.76287

LDA2 0.08182 0.00073 0.00028 260.72057 22.89653

L2 0.08202 0.00307 0.00038 273.90925 7.24979

T2 0.08322 0.00291 0.00033 270.56248 5.84740

S2 0.08333 0.04388 0.00033 283.20792 0.39815

K2 0.08356 0.01271 0.00039 281.64550 1.70247

ETA2 0.08507 0.00079 0.00058 270.84843 36.62518

MO3 0.11924 0.00212 0.00047 89.51545 10.54339

M3 0.12077 0.00397 0.00032 36.33811 5.04156

SO3 0.12206 0.00089 0.00041 135.13022 28.36057

SK3 0.12511 0.00232 0.00041 342.76597 9.93294

MN4 0.15951 0.00152 0.00008 158.16051 3.75535

M4 0.16102 0.00362 0.00009 197.55199 1.47829

SN4 0.16233 0.00041 0.00009 219.92647 13.01316

MS4 0.16384 0.00214 0.00010 257.02772 2.34888

MK4 0.16407 0.00051 0.00014 256.71967 12.79714

S4 0.16667 0.00034 0.00009 184.94696 17.02859

SK4 0.16689 0.00017 0.00014 132.65692 46.82863

2SM6 0.24718 0.00010 0.00006 340.98222 42.08318
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To complement these results, a harmonic analysis of tide constituents was also carried out on the
CS shorter tide-gauge dataset. The results from this site allowed us to estimate the tidal constants for
40 components to determine the astronomical tidal variability (Table 2).

Both the IS and CS values are in agreement with the estimations of the tidal constants based on data
collected in Naples since 1986 by the Italian national tidal observation network (RMN—Rete Mareografica
Nazionale) [80]. These results show that GON is characterized by the absence of any amphidromic
system, with synchronous SL oscillation over the entire gulf. The regional dynamics are included in
the larger spatial dynamics of the Tyrrhenian Sea that are characterized by synchronous variation in the
SL over the entire basin [81]. According to the general Mediterranean circulation, the Tyrrhenian Sea is
indeed characterized by a general cyclonic circulation along the boundaries and the presence of several
quasi-permanent and intermittent cyclonic and anticyclonic structures across the basin, e.g., the strong
and recurrent anticyclonic circulation that persists offshore of the GON [30]. The southern sector is also
influenced by the recirculation processes occurring at its meridional openings, which are mainly driven by
steric level gradients existing between this region and the adjacent basins.

The PSD analysis on IS data (Figure 3) shows, as expected, energy peaks corresponding to 12 and 24 h
tidal cycles. Nevertheless, the length of the IS timeseries allows the determination of energy peaks at lower
frequencies. The longest period observed in the IS data is 8 × 10−6 cycles per hour, corresponding to about
14.2 years. Similar results were achieved for CS (not shown), but the limited duration of this time series
discouraged additional in-depth analysis of the CS dataset.Water 2020, 12, x     10 of 26 
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A PSD analysis on the mean sea level pressure data was also performed to evaluate the contribution
of the meteorological variability to the computed power spectrum. The results show the presence of
an energy peak at about 0.08 cycles per hour (Figure 4), which is probably due to the effects of the
breeze regime on the tide gauge-site. However, most of the energy was found across longer time scales
and was possibly associated with seasonal and interannual variations.
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3.2. Trend Analysis

The IS area is characterized by seismic and volcanic phenomena affecting the ground elevation
that cannot be ignored. In particular, low-intensity shallow seismicity, bradyseism activity, and intense
hydrothermalism are active phenomena on the island [82]. The in situ measurements made along the
geodetic network of the island of Ischia clearly show persistent and significant subsidence with a larger
magnitude in the central-southern and north-western sectors of the island with a movement of up to
10 mm/year [83,84]. Additionally, the island shows large heterogeneity in the vertical displacement
values [85]. Based on differential synthetic aperture radar interferometry data, Manzo et al. [83]
demonstrated that the vertical displacements do not have any significant uplift but only have stable
and subsiding areas. Among these, the Ischia Porto area, where the tide-gauge is located, is characterized
by a vertical displacement trend ranging from +1 to −1 mm per year in the period 1992–2003, just before
the tide-gauge installation. Successively, an analysis of the GPS survey data collected from 1998 to 2010
showed the existence of an elevation trend estimated to be 2.3 ± 0.9 mm/year in the data of the GPS
station next to the Ischia tide-gauge [86], refining a previous estimation of −2.1 ± 1.0 mm/year obtained
by De Martino et al. [87]. These values are in agreement with the satellite estimation (−2.3 mm/year) for
the period 2002–2011 provided by the Italian National Science Council, Institute for the electromagnetic
monitoring of the environment (IREA-CNR) through the webpage http://webgis.irea.cnr.it/webgis.html.
A possible contribution of bradyseism to the SL records of Ischia was already hypothesized in the
early 1900s basing on tide-gauge data collected by Giulio Glabrovitz, director of the local Casamicciola
Geodynamical Observatory. In particular, he observed a relative SL rise of 3.5 mm/year for the period
1890–1910 in the same location as the modern tide-gauge [88].

Even though tide-gauges measure the height of the sea surface relative to crustal reference points
that may move with tectonic activity or local subsidence, they can provide venerable information on
long-term regional and global relative SL variations. To achieve this aim, IB correction was applied
to IS measurements, and relative SL trend values were estimated. Results achieved through the

http://webgis.irea.cnr.it/webgis.html
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Mann–Kendall and Sen methods report a linear trend of +3.93 mm per year (99.9% significance level)
over the 18-year study period, as shown in Figure 2. This value is in agreement with the global
mean SL rise estimate of 3.20 (2.80 to 3.60) mm per year found by different altimetry data processing
groups for the period 1993–2012 [20], even though it was not possible to remove any eventual signals
associated with vertical ground movement from the IS tide gauge data. Trend values calculated from
relative SL data in this work are also consistent with trend values from 1993 to 2012 estimated by
Bonaduce et al. [89] over the Mediterranean Sea on the basis of tide-gauge (3.50 ± 0.7 mm per year)
and satellite data (2.64 ± 0.6 mm per year). Their analysis suggested the importance of events from
2010 to 2011 on the SL trend results.

3.3. Relationship with Large-Scale Atmospheric Patterns

Air pressure variability has a direct effect on the SL variability on a wide range of time scales, from
hourly to seasonal and multi-annual. For this reason, a detailed analysis of air pressure variability was
carried out.

Figure 5 presents the behavior of atmospheric pressure data (black line) registered in Via Acton
(January 2002–September 2011) and Centro Direzionale sites (October 2011–December 2019) over
time and gives a comparison with NAO (red line), MOI1 (cyan line), and MOI2 (green line) indexes.
A 30-day running mean was applied to the four signals in order to remove the very-high-frequency
variability. According to the evidence presented in Figure 5, the period of interest (2002–2019) can be
segmented into four different time intervals:

• the 2002–2008 period, in which the air pressure is generally greater than its mean value;
• the late-2008 to mid-2015 period, which is characterized by relevant oscillations of the atmospheric

pressure signal; this interval includes two sub-periods in which negative air pressure anomalies
prevailed: 2009–2011 and the segment encompassing late 2012 and early 2014;

• the late 2015–2017 period, in which the air pressure is generally above its mean value;
• 2018–2019, which is characterized by negative pressure anomalies.

As expected, the NAO and MOI indexes explain a large part of the observed variability, especially
in the winter season. A monthly-based correlation analysis revealed that the first version of the MOI
index (MOI1) is better suited to our study area than the second one (MOI2). More specifically, a clear
linkage between MOI1 index and air pressure observed in Naples was found between December
and March, with correlation values ranging from 0.5 to 0.7. The NAO index effectively modulates
the meteorological features of the study area only in late autumn and early winter (November
and December). The selected teleconnection patterns determined from sea-level pressure anomalies
(see Section 2.2) are not adequate to capture the summer variability, e.g., [90,91]. The meteorological
dynamics of this season, in fact, are generally driven by synoptic transients that are well structured
only in the mid and upper tropospheric levels (i.e., cut-off lows and upper-level lows).

For each year, the annual means and standard deviations of the atmospheric pressure data were
computed. The results are presented in Table 3. The percentages of samples with pressure levels higher
than 1013 and 1026 mbar as well as those lower than 1013 and 1000 mbar are also reported. The value
of 1013 mbar was chosen as the globally accepted boundary value between low- and high-pressure
conditions, while two additional threshold values were chosen to represent the anomalous high
(1026 mbar) and low (1000 mbar) pressure periods for the study area.
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Table 3. Annual means of atmospheric pressure at the Via Acton (January 2002 to September 2011)
and Centro Direzionale Sites (October 2011 to December 2019). For each year, the amount of data,
annual mean, standard deviation value, percentage of samples with pressure higher than 1013 mbar,
percentage of samples with pressure higher than 1026 mbar, percentage of samples with pressure lower
than 1013 mbar, and percentage of samples with pressure lower than 1000 mbar are presented.

Year Samples Mean Pres Std Dev Samples > 1013 mbar Samples > 1026 mbar Samples < 1013 mbar Samples < 1000 mbar

# [mbar] [mbar] [%] [%] [%] [%]

2002 6697 1013.7 5.46 57.17 0.24 42.83 1.91

2003 8761 1015.6 5.99 71.16 3.23 28.84 0.99

2004 8785 1015.4 7 66.01 6.56 33.99 2.25

2005 8761 1015.7 7.34 66.21 7.73 33.79 2.41

2006 8762 1016.3 6.66 71.68 6.46 28.32 1.62

2007 8761 1015.5 6.25 68.02 5.33 31.98 1.61

2008 8785 1015.6 6.92 64.56 8.8 35.44 1.81

2009 8761 1013.3 6.7 58.77 0.98 41.23 4.38

2010 8761 1012.6 6.38 52.6 1.55 44.3 4.37

2011 8761 1016.5 5.47 75.84 5.22 23.84 0.46

2012 8785 1015.2 6.26 69.58 4.04 29.6 2.12

2013 8761 1014.3 7.31 65.53 4.14 33.58 4.51

2014 8761 1014.6 5.79 63.47 2.13 36.23 1.68

2015 8761 1017.1 7.81 74.01 13.65 25.97 2.97

2016 8785 1016 6.82 72.03 8.78 27.97 1.45

2017 8761 1016.3 5.71 75.03 4.23 24.97 0.99

2018 8761 1013.9 6.21 61.53 2.83 38.47 3.14

2019 8737 1014.2 6.39 62.21 2.31 37.79 2.44

A close inspection of Table 3 highlights that in 2009, 2010, and 2013, the number of high-pressure
samples was lower than in the other years and that the very-low-pressure records (≈4.5% < 1000 mbar)
occurred about three times more often than in other years. On the other hand, during 2015, a relevant
number of high-pressure events has been detected (13.7% > 1026 mbar). The footprint of large-scale
atmospheric patterns on the strong variability and oscillations found between 2009 and 2015 is evident
from Figure 5. This result was confirmed by Wavelet coherence (WC) analysis, a very useful tool
that allows time-localized oscillations in non-stationary signals, such as geophysical signals, to be
detected [92]. The WC shows that the NAO and MOI1 indexes exhibit common features between 2009
and 2015 with relatively low frequencies (between 2 and 4 years). According to the direction of the black
arrows, the two signals are in phase, although NAO lags MOI by a phase angle of about 45◦ (Figure 6).
Moreover, the WC spectrum highlights small areas of strong covariance in the high-frequency region
(between 0.25 and 0.5 years) in 2005–2006, 2011–2013, and 2017–2018.

The WC analysis suggests that from 2009 to early 2011, as well as between late 2012 and early 2013,
the persistence of both NAO and the MOI1 negative phase caused frequent low-pressure conditions on
the central Mediterranean basin [93]. These anomalies in atmospheric pressure patterns may have a
strong influence on SL variability, as is discussed in the next section.

To evaluate any correlation with the atmospheric variability as described by large-scale climate
indices (i.e., NAO, MOI1, and MOI2), the meteorological tide time series for the IS tide-gauge was
obtained by removing the astronomic theoretical tide from the signal. Hourly tidal constants obtained
directly by harmonic analysis based on seven standard main constituents were used to obtain a new
time series that still includes the IB component of the SL variations.
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2002–2018. The relative phase relationship between the two indexes is shown by the directions of the
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edge effects might distort the coherence data. The color bar gives a measure of correlation between the
two analyzed signals in the time–frequency plane.

To examine the connections between the IS meteorological tide series and the teleconnection
patterns, we focused on the period from November to March, which can be defined as an extended
winter season. This choice is justified by the relevant linkages between the meteorological features of
the study area and the synoptic variability only in late autumn, winter, and early spring, as previously
shown. The results show that a moderate to strong anticorrelation exists on the long timescale between
IS tide-gauge data and climate indices during the 2002–2019 study period, with the linear correlation
coefficients being R = −0.5, R = −0.7, and R = −0.5 for NAO, MOI1, and MOI2, respectively.

The relationship between the two teleconnection patterns selected in this study, NAO and MOI,
was further analyzed through a windowed correlation analysis. In particular, we estimated the
correlation between the 30-day running mean of SL and the three teleconnection patterns for each
extended winter season (November to March) for the period 2002–2019 (Figure 7).

An anti-phase relationship exists between MOIs and SL variability (Figure 7), as shown by
the linear correlation coefficient that generally ranges from −0.4 to −0.8. However, there are some
exceptions, i.e., during winter in 2003/2004, 2005/2006, and 2015/2016. In these years, a very weak
correlation was found, especially when MOI1 index was considered. The Mediterranean atmospheric
circulation had a very strong impact on SL in the following winter seasons: 2002/2003, 2006/2007,
2007/2008, 2009/2010, 2010/2011, 2014/2015, 2016/2017, and 2017/2018. It is not a mere coincidence that,
in these cases, the NAO index (Figure 7, upper panel) also exhibited a moderate to strong anticorrelation
with SL variability. A deeper examination of these seasons revealed some interesting linkages between
atmospheric and mareographic variability, as discussed below.
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During the first five winter seasons (2002/2003, 2006/2007, 2007/2008, 2009/2010, and 2010/2011)
relevant anomalies of SL were observed (i.e., negative in 2002/2003, 2006/2007, and 2007/2008, positive
in 2009/2010 and 2010/2011). Such events, marked as a black circle on the upper panel of Figure 7,
were forced by a coupling between teleconnection patterns synthetized by the NAO and MOI.
During these seasons, the indexes had quite similar behavior, i.e., a shift from a negative to a positive
phase in 2002/2003, 2006/2007, and 2010/2011, persistence of the positive phase in 2007/2008, and a shift
to a negative phase in 2009/2010. In 2002/2003, 2006/2007, and 2007/2008, the positive phase of both NAO
and MOI resulted in a strong anticyclonic pattern over the central and western Mediterranean basins,
which led to conditions favorable for a lowering of SL. Conversely, in the 2009/2010 and 2010/2011
seasons, the opposite large-scale circulation anomalies prevailed and the conditions were in favor of an
increase in the SL in Ischia. Analogous results were achieved by Landerer and Volkov [93] who focused
on recent SL variability in the Mediterranean Sea and found an increase in the mean SL of 10 cm
during the boreal winter months of 2009/2010 and 2010/2011. Our findings reinforce their observations,
including the assessment of a prominent role of the NAO on the observed SL fluctuations.

During the 2014/2015, 2016/2017, and 2017/2018 seasons, the NAO index was generally in its
positive phase, while MOI1 and MOI 2 were neutral or negative. Despite the positive NAO phase
having a magnitude comparable with that observed in the last part of 2002/2003, in the 2006/2007
and 2007/2008 seasons, its impact on Ischia SL was less relevant (Figure 7, green circles) due to a
missing coupling with the Mediterranean atmospheric variability.

A strong lowering of SL, again marked by a black circle, also occurred in the extended winter
season of 2011/2012. It is reasonable to assume that the positive phases of NAO and MOI strongly
contributed to the relevant magnitude of the negative SL anomaly. Although in this season, the NAO
index exhibited a negative trend, it remained in the positive phase, contributing, together with the
positive phase of MOI, to a progressive regression of SL, culminating in January 2012. However, in
this case, a positive linear correlation was found between NAO and SL. Available information cannot
ensure that this result is ascribed to a mathematical artifact rather than a physical mechanism.

Finally, an interesting but isolated case is the rise of SL observed at the beginning of the 2018/2019
season (see magenta circle on the upper panel of Figure 7). Differently from the ones that occurred
in 2009/2010 and in 2010/2011, this event was associated with a neutral NAO phase and a slightly
negative MOI.

3.4. “Acqua Alta” Episodes in Ischia

SL variability is the result of several forces that act at different spatial and temporal scales and can
be associated with changes in sea water properties, the so-called steric component, or not. In the
Mediterranean Sea, at time scales longer than the seasonal scale, SL changes are due to both steric
and non-steric forcing [42], while on a shorter timescale, the variability is mainly due to non-steric
factors [93,94]. Among these, the combined effects of the wind air pressure and tides can result in the
rapid submersion of coastal areas, leading to catastrophic flooding and danger to life and economic
activities. This phenomenon is known as “acqua alta”, and it affects some Mediterranean areas, such as
the city of Venice in the Northern Adriatic Sea and the island of Lipari in the Southern Tyrrhenian Sea.

In Ischia, AA events cause water ingression over the piers in the Ischia Porto area (Figure 8)
and over the roads in the Ischia Ponte neighborhood, where intense socio-economic activities, mainly
linked to tourism, exist. This phenomenon has gained the attention of the wider public in recent years,
and its effects have been reported in a number of national and local newspapers.

In this work, the number, amplitude, and seasonal distribution of the AA events in Ischia Porto
were studied (Table 4) through SL data collected by the IS tide-gauge since 2002. As described in
Section 2, the IS tide-gauge is installed on the edge of the Coast Guard piers in the harbor that are 34 cm
higher than the ancient piers limiting the “riva destra” area, where AA is more frequent. For this analysis,
the edge of the Coast Guard pier was chosen as a reference. Hourly mean SL values overpassing the
height of the old pier edge were considered to be single AA episodes. This analysis was performed on
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the original quality controlled timeseries recorded by the tide-gauge, in order to analyze the combined
effects of tide and meteorological variability on the AA occurrences. Hourly means were used in order
to minimize the effect of waves induced by ship movements or wind gusts as well as transient values
that could influence the tide-gauge data during these events. For each year from 2002 to 2019, the
total number of AA events is expressed as the percentage over the total number of hourly records.
Table 4 also shows the number of events overpassing heights of 5, 10, 20, and 30 cm over the pier edge
thresholds. After 2009, the AA episodes seem to have been more frequent, with only the years 2011
and 2017 having a percentage of single events lower than 1%. A higher number of AA episodes was
registered in 2010 (8.7%), corresponding to about 762 submersion hours. During that year, the higher
SL height over the pier was registered (32 cm) on October 1 at 09:00.
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A similar analysis was carried out on a monthly basis in order to highlight the presence of a
seasonal component in the AA occurrences. Figure 9 shows the monthly distribution of AA events from
2002 to 2019. The late fall and winter months from October to January were found to be characterized
by an higher number of AA episodes, while during the spring and summer months, AA barely reached
30 episodes (June 2010).

Even though the estimated long-term SL rise has an effect on the frequency of the AA episodes
through the expected increase in the mean SL, it cannot explain this phenomenon and its seasonal
variability. Instead, the change in the frequency of AA events after 2009 may have been strongly
influenced by large-scale atmospheric patterns. A detailed comparison between the results presented
in Table 4 and Figure 9 and those reported in Table 1 and Figure 7 suggests that a relationship exists
between the variability and fluctuations in atmospheric and AA events during the 2008–2015 interval.

A significant contribution could then be ascribed to the combined effect of low-pressure systems
and wind forcing on the sea surface that generates so-called storm surges. To confirm this hypothesis,
IS tide-gauge measurements and Via Acton air pressure data were complemented with wind direction
and intensity data from 1 January 2010 to 31 March 2010 collected at the ISPRA weather station
site in Naples. The analysis of the atmospheric variability during these three months shows that
the large scale and Mediterranean circulation were conditioned by negative phases for both NAO
and MOI1, especially in the first days of January and in the first twenty days of February (Figure 10a,b).
The precondition for a storm surge event, i.e., a coupling between the two atmospheric teleconnections
involved in our study, is recognizable in mid-February, when the atmospheric asset designed by
negative phases of NAO and MOI caused negative pressure anomalies over the GON (Figure 10a),
creating favorable conditions for an increase in SL (Figure 10b). Additionally, during those days, the
wind regime over the GON was characterized by high-frequency winds from the N/NE that were
able to directly impact on the Ischia harbor whose entrance is oriented toward North (Figure 10c).
The effects of this atmospheric variability, associated with tidal SL variations, generated a significant
storm surge event, as registered on 19 February (Figure 10d).
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Therefore, the performed analyses suggest that the occurrence of AA events is the result of
different degrees of forcing on the SL variability of Ischia, more so than the effects of tides or global SL
rise. While SL rise can obviously contribute to setting a long-term situation that supports AA events,
in situ tide-gauge data reveal that neither the number of AA events, nor the marked seasonal signals
observed in their occurrence, are directly correlated with the SL trend. On the other hand, an increase
in Ischia AA events is clearly associated with the NAO negative phases in conjunction with the low
atmospheric pressure systems and wind patterns in the GON and over the Southern Tyrrhenian Sea.
The combination of these forces should be considered as one leading factor fostering AA episodes.

Table 4. Maximum sea-level height over the pier (cm), total number of “acqua alta” events (%),
and number of “acqua alta” events higher than 5, 10, 20, and 30 cm over the pier edge from 2002 to 2019.

YEAR H max [cm] AA % AA% > 5 cm AA% > 10 cm AA% > 20 cm AA% > 30 cm

2003 12.0 0.82 0.74 0.02 0.00 0.00

2004 11.0 0.52 0.44 0.02 0.00 0.00

2005 5.5 0.38 0.27 0.00 0.00 0.00

2006 5.8 0.58 0.48 0.00 0.00 0.00

2007 6.5 0.35 0.32 0.00 0.00 0.00

2008 13.0 0.91 0.75 0.06 0.00 0.00

2009 26.0 4.50 4.20 0.91 0.08 0.00

2010 32.0 8.70 8.20 1.70 0.13 0.02

2011 13.0 0.41 0.35 0.01 0.00 0.00

2012 20.0 2.00 1.80 0.30 0.00 0.00

2013 18.0 3.00 2.70 0.17 0.00 0.00

2014 13.0 3.50 3.10 0.14 0.00 0.00

2015 12.0 2.10 2.00 0.06 0.00 0.00

2016 9.1 1.20 0.99 0.00 0.00 0.00

2017 7.2 0.47 0.39 0.00 0.00 0.00

2018 24.0 4.40 4.00 0.83 0.07 0.00

2019 24.0 4.30 4.10 1.20 0.14 0.00
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Figure 10. “Acqua alta” event on February 2010: (A) Daily (black line) and mean air pressure (black dotted line) at the Via Acton weather station, NAO (red line), and MOI1 
(cyan line) with their neutral phases (red dotted line) are also indicated; (B) Daily (blue line) and mean sea level (blue dotted line) in IS, NAO (red line), and MOI1 (cyan 
line) with their neutral phases (red dotted line); (C) increase in wind in the ISPRA weather station in Naples (courtesy of ISPRA); (D) 2 February 2010 in the Ischia Porto 
area—during this event, the sea level was about 35 cm higher than the pier edge.

Figure 10. “Acqua alta” event on February 2010: (A) Daily (black line) and mean air pressure (black dotted line) at the Via Acton weather station, NAO (red line),
and MOI1 (cyan line) with their neutral phases (red dotted line) are also indicated; (B) Daily (blue line) and mean sea level (blue dotted line) in IS, NAO (red line),
and MOI1 (cyan line) with their neutral phases (red dotted line); (C) increase in wind in the ISPRA weather station in Naples (courtesy of ISPRA); (D) 2 February 2010
in the Ischia Porto area—during this event, the sea level was about 35 cm higher than the pier edge.
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4. Conclusions and Future Perspectives

The exploitation of IS tide-gauge data allowed the analysis of several aspects associated with SL
variability in the Campania coastal area. The IS tidal constituents, corroborated by the analysis of
the shorter CS time series, confirmed that the GON is characterized by non-amphidromic properties.
Long-term trend analysis on the IS dataset showed a relative SL rise of 3.9 mm/year, in agreement with
previous studies that focused on the Mediterranean Sea and the global mean SL rise.

The tidal variability and the global SL rise can explain a minor part of the SL variability measured
by the IS tide-gauge, while the registered increasing occurrence of extreme events over the island,
i.e., “acqua alta”, can be better described by a combination of factors. Firstly, an antiphase relationship
was found between SL and two teleconnections that effectively describe the large-scale atmospheric
variability and its anomalies, i.e., NAO and MOI. The latter modulates the tidal variability of the study
area through the well-known IB effect in late fall, winter, and early spring, the months where most
relevant SL anomalies have been detected. According to the results of our analysis, the main positive
departures from the average SL, such as those observed in the 2009/2010 and 2010/2011 winter seasons,
occurred when both NAO and MOI were simultaneously in their negative phase, which implies that
there were low-pressure conditions in the central Mediterranean basin. At the same time, the strong
SL lowering registered in the 2002/2003, 2006/2007, and 2007/2008 seasons can be explained by the
coupling of NAO and MOI positive phases, which implies that there were anticyclonic conditions in
the central and western Mediterranean area.

As demonstrated by the discussion of the AA event of February 2010, the storm surge dynamics
are characterized by the combination of atmospheric forcing with the shape and morphology of Ischia
harbor, which is most affected by the northern wind regime.

Of course, these results might improve as the tide-gauge time series becomes longer, so the
accurate and regular maintenance of both IS and CS will be continued by the University “Parthenope”
through planning and realizing the necessary operations during the forthcoming years.

Future developments are also expected, and these include the possibility of installing GPS
and weather stations corresponding to the IS and CS tide-gauges, as recommended by international
organizations and programs to discriminate between the effects of ground vertical movement and storms
on SL variations. Additional analyses on long-term time series from different tide-gauges located in
the Campania region and the Southern Tyrrhenian Sea are also advisable, as well as the opportunity
to implement efficient procedures for comparing these data with available (and forthcoming) SL
satellite observations.
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