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Abstract: Sea level changes in coastal areas significantly influence port activities (e.g., the safety of
navigation). Along Italian coastlines, sea level variations are mainly due to astronomical tides (well
known, due to gravitational attraction between Earth, Moon and Sun); however, during the last
fifteen years, a high number of “anomalous” tides has been observed: the study of the phenomenon
has allowed to attribute its cause to variations in atmospheric pressure (the so-called meteorological
tides: sea level drops when atmospheric pressure increases and vice versa); the statistical analysis
of acquired data made it possible to evaluate the hydrobarometric transfer factor (a local parameter
which represents the correlation between atmospheric pressure changes and consequent sea level
variations): it was found that it is usually much larger within gulfs or port basins than offshore areas,
where a pressure change of 1 hPa results in a sea level variation of about 1 cm; the statistical analysis
described in the following, and aimed at correctly estimating the hydrobarometric transfer factor in
harbors, can play a fundamental role in optimizing the management of port waters: its results allow
to forecast meteorological tides and therefore future sea level (and depth) variations in a given port
basin. The results of the study conducted in the port of La Spezia (North Western Italy) are presented
here, together with possible applications on port activities and harbor water management.

Keywords: meteorological tides; marine environmental monitoring; sea level forecasting; harbor
water management; port navigation safety

1. Introduction

The knowledge of sea level fluctuations in coastal areas is fundamental to increasing
the safety of people who work in ports or onboard ships, to best managing port activities,
and to reducing economic losses and environmental damage (improving the safety of
navigation, optimizing ships’ cargo and mooring, managing the refloating of stranded
vessels, dimensioning maritime works, planning dredging activities, checking the chemical
and physical parameters of water), as well as for civil protection purposes (mitigating the
risk of flooding at the mouth of rivers) [1-7].

Sea level variations along Mediterranean coastlines are mostly due to astronomical
tides (up and down motions caused by the gravitational attraction between the earth, moon
and sun, then periodic and predictable deterministically), in particular to the diurnal and
semi-diurnal components, shown in Table 1 [8,9].

However, a large number of anomalous tides have been observed over the last fifteen
years inside many Italian harbors. The study of the phenomenon allowed us to associate
these events to changes in atmospheric pressure above the sea basin under examination; in
particular, sea level lowers/rises following an increase/decrease in atmospheric pressure
(good/bad weather) and then in the weight of the overlying air column [10-17]: these low
frequency oscillations, called meteorological tides, represent the geodetic adjustment (New-
tonian compensation) of sea surface (induced effect), which compensates for atmospheric
pressure perturbations (inducing cause), as shown in Figure 1 [18-23].

Appl. Sci. 2022, 12, 12202. https:/ /doi.org/10.3390/app122312202

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app122312202
https://doi.org/10.3390/app122312202
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7039-2781
https://doi.org/10.3390/app122312202
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122312202?type=check_update&version=3

Appl. Sci. 2022,12, 12202

20f18

outgoing water flow

Table 1. The diurnal and semi-diurnal tide components and their periods expressed in hours
(from [9]).

Name Harmonic Constituent Period/h
M2 Principal lunar semi-diurnal 12.4206
S2 Principal solar semi-diurnal 12.0000
N2 Larger lunar elliptic semi-diurnal 12.6583
K2 Luni-solar declinational semi-diurnal 11.9672
K1 Luni-solar declinational diurnal 23.9345
01 Principal lunar declinational diurnal 25.8193
P1 Principal solar declinational diurnal 24.0659
Q1 Lunar flowelliptic diurnal 26.8680

high atmospheric pressure

\ outgoing water flow

sea surface

outgoing water flow \

outgoing water flow

Figure 1. An increase in atmospheric pressure inducing a low meteorological tide (modified
from [19]).

The evidence of the phenomenon was observed by means of ISPRA’s (Italian Institute
for Environmental Protection and Research) meteo-mareographic station located in La
Spezia harbor (Italy); for example, on 13 November 2020 at 10:15 UTC (Universal Time
Coordinates) and on 8 December 2020 at 09:25 UTC, the same astronomical tide was present
(nearly 20 cm), but a pressure decrease of nearly 27.1 hPa resulted in an increase of about
34 cm in the sea level acquired.

In many Italian ports, we have verified that the hydrobarometric transfer factor, a pa-
rameter that represents the correlation between the atmospheric pressure variation and the
consequent change in sea level, assumes often much larger values (even double) compared
with offshore areas, where, as is well known, 1 hPa (about equal to 1 mBar) of atmospheric
pressure variation corresponds to approximately 1 cm of change in sea level (the so-called
inverted barometer effect); so, within harbors, a few hPa of decrease/increase in atmo-
spheric pressure can cause several cm of sea level rise/fall; in fact, a sea basin behaves
in the same way as a semi-constrained domain: by hindering the horizontal movement
of the water mass, it amplifies its vertical displacement. Therefore, meteorological tides
can cause exceptional changes in sea level within a port basin if they occur in-phase with
astronomical ones.

To be able to forecast sea level in harbors, it is therefore necessary to estimate the
correlation between atmospheric pressure and sea level, represented by the hydrobaromet-
ric transfer factor; it depends on a series of local parameters (first of all the morphology
of the basin examined and the atmospheric dynamics over it), so it is not described by a
deterministic law valid everywhere but obtained port by port through a statistical analysis
of local data acquired [24-31].
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In this work, we present the analysis carried out starting from data acquired since
2006 by ISPRA’s monitoring station located inside the port of La Spezia (Eastern Ligurian
Sea, Italy); based on the measurements of atmospheric pressure and sea level, the statistical
analysis described below aims at estimating the hydrobarometric transfer factor in La
Spezia harbor.

We also describe a prototype application developed to provide support to local author-
ities and port communities, in order to improve port navigation safety (obviously, the low
tide hinders the port navigation, while the high tide facilitates it): based on the sea level
measured or forecasted, the application updates water depths inside a port basin (“real”
port bathymetric map) and detects, by means of a simple and intuitive graphic interface,
hazardous areas for a certain ship moving inside the harbor at a given moment [32-38].

2. Materials and Methods

The starting point of this study is the monitoring of environmental parameters in
the port of La Spezia, performed by means of the meteo-mareografic station working in
the position 09°51'27.52" E, 44°05'47.79" N (see Figure 2) and belonging to the National
Tidegauge Network managed by ISPRA [39-45].

Q La‘Spezia

Ligurian Sea

Gulf of La Spezia

(b)

Figure 2. The position of the monitoring station (pictures from Google Earth): (a) inside the port of

La Spezia; (b) within the Eastern Ligurian Sea, Italy.

The instrumentation used consists of a hydrometer and a barometer; the first measures
the sea level on the basis of the round trip time taken by a sequence of radar pulses sent
from the air towards the sea surface; since the speed of propagation of electromagnetic
waves in the air, the round trip time of the pulses, and the position of the radar transducer
are known, sea levels are calculated; a typical sampling interval to acquire tide data is at
least 10 min.

The barometer measures the atmospheric pressure by evaluating the deformations
undergone by a silicon capacitive transducer; when the atmospheric pressure changes,
the distance between the two plates and therefore the electrical capacitance also varies;
measurements are typically made hourly (atmospheric pressure is characterized by very
slow variations).

The date and time are expressed in UTC, while the sea level refers to IGM’s (Italian
Military Geographic Institute) 0 level. The data used in this work and further information
about the ISPRA’s monitoring station are available on the website www.mareografico.it
(data from 2006 to 2009 are not available on the website; they have been kindly provided
by ISPRA) (accessed on 28 April 2022).

Atmospheric pressure and sea level measurements (one sample every hour with
resolutions equal to 107! hPa and 1 cm, respectively) were compared with each other in


www.mareografico.it
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order to evaluate the hydrobarometric transfer factor, a local parameter that represents
the correlation between the two quantities. Figure 3 shows the signals acquired between
28 May and 7 June 2009 inside the port of La Spezia.
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Figure 3. Measurements carried out between 28 May and 7 June 2009 inside the port of La Spezia:
(a) atmospheric pressure; (b) sea level.

The sea level is the overlapping of different contributions, among which the main ones
are astronomical and meteorological tides, as shown in the power spectral densities plotted
in Figure 4, as regards the measurements performed in 2009: Frequency components due
to diurnal and semidiurnal components are at approximately at 1.2 and 2.3 x 107> Hz
respectively, while meteorological components are characterized by lower frequencies
(slower oscillations) related to atmospheric pressure spectrum (DC components are not
plotted because they do not carry useful information).
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Figure 4. Power Spectral Densities of measurements carried out in 2009 within the port of La Spezia:
(a) atmospheric pressure; (b) sea level.

First of all, it was therefore necessary to filter acquired data in order to remove high-
frequency components due to causes different than meteorological ones (there could also be
a residual of the disturbance due to sea waves, although the hydrometer works inside a still-
pipe): atmospheric pressure and sea level signals are subjected to low-pass filtering with
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Port of La Spezia 2009

an appropriate cut frequency (10~° Hz), so that only the contributions of meteorological
origin survive. Figure 5 shows the result of the low-pass filtering applied to the data shown
in Figure 3.
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Figure 5. Measurements carried out between 28 May and 7 June 2009 inside the port of La Spezia,
after Low-Pass filtering: (a) atmospheric pressure; (b) sea level.

By examining filtered signals, it is evident that a decrease Ap in atmospheric pressure
equal to about 17.2 hPa causes an increase in low-frequency sea level Al (low meteorological
tide) equal to about 35.4 cm. So, for the event analyzed, the hydrobarometric transfer factor
Jpn can be calculated as:

Ah 354 cm
Ap  17.2hPa

T = =21cms*hPa~?, 1)
which is more than double the offshore case; the gradients A and Ap are expressed in
absolute values.

The analysis just described for a single case was repeated for all the events that oc-
curred in the port of La Spezia since 14 March 2006 (the hydrometer of ISPRA’s monitoring
station has been working since 13 January 2006, but the barometer was not installed until
two months later) in order to obtain an estimate of the hydrobarometric transfer factor for
the water basin under examination, as described in the next paragraph.

3. Results

The analysis described in the previous paragraph was replicated for every significant
hydrobarometric event occurred in the port of La Spezia from March 2006 (data from
24 January 2015 to 6 March 2019 are not available) to the end of 2021, to produce a fifteen-
year statistics (this study was realized starting from the installation of ISPRA’s monitoring
station, in 2006).

The values of Ap, Ah and ], estimated event by event are listed in the Appendix A, in
Table A2. Only events with Ap greater than about 5 hPa are taken into account. The highest
observed value of meteorological tide in this period was 52.9 cm (between 28 February and
4 March 2020).

The acquisitions related to these events are shown, in Figures A1-A4 (in the Appendix A)
and Figures 51-545 (in the Supplementary Material); events occurring in the presence of
wind were not considered in the statistical analysis, in order to exclude some phenomena
due to causes such as storm surges, anyway not predominant in the site examined (the
anemometer to acquire wind data has been working since 30 June 2010) and then not
analyzed in this work; for example, the event shown in Figure 6 (from 28 September to
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5 October 2020, Ap = 20.4 hPa, Ah = 43.5 cm) has been excluded from the statistics because
there was a wind coming roughly from the South East (then from the mouth of the gulf),
stronger than 10 m/s and persistent for more than one day.

Port of La Spezia 2020

=
ezl

07 - Port of La Spezia 2020,.

0.6

Sea Level [m]

995 -
990 . | . . . . 1 . | . | . .
28/09 29/09 30/09 01/10 02/10 0310 04/10 05110 28/09 29/09 30/09 01/10 02/10 03/10 04/10 05/10
Date [dd/mm] Date [dd/mm]
(a) (b)
360 - Port of La Spezia 2020 16 Port of La Spezia 2020
315
270
El @
o 2
D225 E
5 z
= @
g 180 - 5
a £
2185, E
= =
90 -
45 M u'
) ! | . | . . 0 . | . | . |
28/09 29/09 30/09 01110 02/10 0310 04/10 0510 28/09 29/09 30/09 01110 02/10 03/10 04/10 05/10
Date [dd/mm)] Date [dd/mm)]
(0) (d)

Figure 6. Measurements carried out between 28 September and 5 October 2020 inside the port of La
Spezia: (a) atmospheric pressure; (b) sea level; (c) wind direction, clockwise from the North; (d) wind
intensity; for (a,b) solid lines represent low-frequency components survived the Low-Pass filtering;
dashed lines represent high-frequency components removed by the Low-Pass filtering.

First, the event shown in Figure S5 was removed from the statistics because its ],
values differ from the mean value by more than 3 times the standard deviation; for this
reason, it is considered outlier (rare event).

After doing that, the mean value and the standard deviation of the statistical distribu-
tion are 1.9 cm * hPa~! and 0.3 cm * hPa~!, respectively.

Then, a first estimate of the hydrobarometric transfer factor for the port of La Spezia
can be represented by its average: in this case the mean value is about double the offshore;
after this, the mean hydrobarometric transfer factor can be used to forecast a future sea level
variation Ah starting from the measured atmospheric pressure change Ap: it is sufficient to
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multiply Ap by ], (taking into account that when the pressure goes up the level falls and
vice versa); this corresponds to suppose a linear dependence:

Al = [ % Ap, @)

as represented by the red straight line in Figure 7, whereas the black dots correspond to the
measured pairs (Ap, Ah) listed in Table A2.
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Figure 7. Measured pairs (Ap, Ah) from 2006 to 2021 in the port of La Spezia (black dots), linear (red)
and cubic (green) trends and comparison with the offshore case (black dashed line).

A better estimate of the relationship between atmospheric pressure and sea level
gradients can be obtained by considering a non-linear law Ah = f(Ap); using the least squares
method applied to the pairs (Ap, Ah) the fixed degree polynomial can be extrapolated
that best fits the data cloud (the hydrobarometric transfer factor becomes a sequence of
coefficients); for example, assuming a cubic dependence of Al on Ap and imposing the
passage to the origin (because Ap = 0 implies Ah = 0), this estimate of Al is obtained:

Ah = Jpz % AP + Jpwp * Dp* + Jpn1 * Ap, ®)

where: J,;3 = 0.001 cm * hPa~3, Jphz2 = —0.05 cm * hPa~2, Jpn1 =2.3 cm * hPa~!, as plotted
in Figure 7 (green line).

The couples (Ap, Ah) measured from 2006 to 2021 in the port of La Spezia, linear
and cubic approximations are shown in Figure 7, together with the comparison with the
“inverted barometer effect” of the offshore case.

Once the change in atmospheric pressure is measured or predicted, the expected sea
level variation can be derived from the Equation (3).

Obviously, the two different estimates (linear and cubic) lead to two different errors
between the measured value and the estimated trends: starting from data in Table A2, an
average error on the expected sea level (difference between forecast and measurement) of
11.3% was obtained in the case of linear approximation, while in the case of cubic function
the mean error is 9.6% (against a greater computational load), which is satisfactory for
our purposes.

Therefore, the fundamental role of the hydrobarometric transfer factor consists in
converting a variation of atmospheric pressure into a forecasted sea level change (meteoro-
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logical component) for a given port; finally, meteorological tides will have to be added (or
subctracted) to the astronomical tides (predictable by means of tide charts) to obtain the
forecasted sea level in that basin.

Contributions to changes in sea level due to other causes such as, for example, seiches,
storm surges or wind effects, which are not predominant in the site examined, are not taken
into account in this work.

It should be emphasized that the hydrobarometric transfer factor must be updated
year after year and periodically recalculated, e.g., following events that modify the topog-
raphy of the basin examined (dredging operations, coastal erosion, bottom subsidence,
sediment deposition).

Moreover, a multi-decade statistics is necessary to examine any changes in the hydro-
barometric transfer factor due to climate change, as well as the variation over the years of
occurrence frequency of events observed [46,47].

4. Discussion

As seen in the previous paragraph, the hydrobarometric transfer factor is usually
much greater within port basins than in offshore areas: A few hPa of atmospheric pressure
variation can cause several cm of astronomical tide that, if in phase with the astronomical
one, can generate anomalous sea level variations.

The knowledge of the hydrobarometric transfer factor allows for correctly estimating
expected meteorological tides in harbors and, together with the joint prediction of astro-
nomical components from tide charts, forecasting sea level within port basins, an aspect of
fundamental importance to better managing port operations.

In fact, the monitoring/forecasting of sea level (and then of water depth) in coastal
areas is extremely important for managing, planning, and optimizing:

e  Maritime transport and port navigation safety (e.g., to reduce the risk of accidents or
to plan the refloating of a ship and minimize the risk of environmental damages and
economic losses) [48-51];

e  Ship loading (how much to load a ship in the departure port based on the expected

tide in the port of arrival) [52-55];

Dock performances and vessel moorings;

Dimensioning of maritime works based on the maximum sea level expected;

Dredging activities;

The control of chemical and physical parameters of water;

as well as preventing the risk of flooding at the mouths of rivers (civil protection
purposes) by providing early warning to the population involved.

For this reason, the results of this study can have important applications in coastal
areas: A software tool has been developed by the research group to which the authors
belong with the aim of providing useful operational support to port communities, local
authorities, and decision makers; it dynamically updates the initial port bathymetric map
(usually acquired through multibeam surveys and updated after changes in the harbor
topography, e.g., following dredging operations) based on sea level measured or expected
and, if the draught of a certain ship is known, identifies the permitted/alert/prohibited
areas for that same ship at a given time. An intuitive graphical interface implements what
are called “virtual traffic lights” by coloring the forbidden areas red, the alert zones yellow,
and the allowed ones green, based on two thresholds that in their turn depend on the vessel
draught. Red areas are those with depths less than the lower threshold (usually equal to the
vessel’s draught), green areas those with depths greater than the upper threshold (much
greater than the vessel’s draught); finally, yellow areas are the intermediate ones.

The application continuously recalculates the “real” bathymetry (water depth variable
over time) of a harbor using sea level data acquired in real time (by downloading them
from the monitoring station via an Internet connection), measured in the past and saved in
a dataset (to analyze a posteriori past events of particular importance such as the stranding
of ships) or forecasted in the future by means of the hydrobarometric transfer factor and
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tide charts, in order to signal in advance potentially dangerous areas and avoid critical
situations induced by sea level changes for a given ship. It can be very useful, e.g., for
supporting a certain ship in choosing the best route to follow or the best time to enter or
leave a port or the most suitable quay to moor.

For example, in Figure 8, virtual traffic lights in the middle of the port of La Spezia
on 30 June 2010 at 12:00 UTC are shown, when the tide gauge was measuring —0.54 m.
Thresholds were chosen equal to 12 and 13.5 m, e.g., for a Panamax cargo ship, whose
draught is about 12 m (areas with depth less than 12 m are prohibited, those with depth
greater than 13.5 m are permitted, the others are warning areas).
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Figure 8. Virtual traffic lights in the port of La Spezia on 30 June 2010 at 12:00 UTC (threshold levels
12 and 13.5 m).

Easting and northing are expressed in UTM (Universal Transverse Mercator) coordi-
nates, zone 32T; grid spacing is 2 m; depth refers to IGM’s 0 level, depth resolution 1 cm;
bathymetric data are courtesy of the Port System Authority of the Eastern Ligurian Sea, La
Spezia, Italy.

Instead, Figure 9 refers to 24 November 2010 at 18:00 UTC (sea level = 0.83 m), for the
same ship (and then the same thresholds).

Note how, following the rise of 1.37 m in sea level, the forbidden area narrows and
many warning positions become allowed, while a yellow waterway appears in the west
side of the port.

In particular, the state of the position indicated by the mouse pointer (coordinates
567,956, 4,883,930 m) in the middle top of the map switches from alert to allowed, as
indicated by the color of the traffic light in Figures 8 and 9, since its depth increases from
12.45 to 13.82 m.

It is worth highlighting that the increase in sea level is partly due to a 9.5 hPa fall
in atmospheric pressure between 30 June 2010 at 12:00 UTC and 24 November 2010 at
18:00 UTC (from 1016.9 to 1007.4 hPa).
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Obviously at the same instant, for a vessel with greater draught (for example 14 m for a
container ship), thresholds would be higher, and forbidden areas would expand, as shown
in Figure 10; the traffic light for the position indicated by the mouse pointer becomes red.
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Figure 9. Virtual traffic lights in the port of La Spezia on 24 November 2010 at 18:00 UTC (threshold
levels 12 and 13.5 m).
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Figure 10. Virtual traffic lights in the port of La Spezia on 24 November 2010 at 18:00 UTC (threshold
levels 14 and 15.5 m).
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Therefore, this interface represents a useful tool for detecting potentially dangerous
areas for a given ship at a certain moment.

Additionally other contributions due to different phenomena can be passed as input to
the application, such as seiches, storm surges, or wind effects, which particularly in certain
locations must be taken into account.

5. Conclusions

In Mediterranean harbors, tides are mainly due to astronomical and meteorological
components; while the first ones are well known and predictable everywhere by means
of a deterministic law (tide charts), the second ones (due to atmospheric disturbances)
need more study: starting from monitoring environmental parameters in La Spezia harbor
(Ligurian Sea, North-Western Italy), we performed a statistical analysis over the last fifteen
years (starting from the installation of ISPRA’s monitoring station in 2006) to evaluate the
hydrobarometric transfer factor, which represents the correlation between atmospheric
pressure (cause) and sea level variations (effect) and therefore can play a fundamental role
in forecasting meteorological tides in harbors.

We found that the hydrobarometric transfer factor in La Spezia harbor is larger (some-
times more than double) than in offshore areas (where 1 hPa of atmospheric pressure
gradient induces nearly 1 cm of sea level rise/fall); thus, some hPa of atmospheric gradient
can induce several cm of sea level rise/fall.

In particular, we found that using J,;, = 1.9 cm hPa~! results in an estimate of
the average error of about 11.3%, while approximating the dependence of sea level on
atmospheric pressure by means of a nonlinear (cubic) law reduces the mean error to about
9.6%. This error very rarely induces confusion between different colors along the edges of
adjacent areas in the map representing virtual traffic lights described above.

Furthermore, meteorological tides can cause exceptional changes in sea level if they
occur in conjunction with astronomical components: the observation of the phenomenon
allowed us to highlight anomalou” tides, sea level changes that are very different from the
expected astronomical tides.

The hydrobarometric transfer factor allows to forecast meteorological tides in the sea
basin examined and then, simply by adding the contribution of the astronomical tides, to
know in advance the sea level (and therefore water depth) expected in the near future; this
can represent a useful tool for optimizing port activities and logistic operations by planning
them in advance.

Since sea level changes in coastal areas affect in a relevant way the safety of port
communities, a prototype application has been developed that updates the port bathymetric
map based on sea level acquired in real time or forecasted, with the aim of planning and
optimizing port activities or managing emergencies (it is also able to load old measurements
stored in a dataset, e.g., to analyze accidents occurred in the past); the software tool classifies
the port bathymetric map in forbidden (red), warning (yellow), or permitted (green) areas
for a certain ship at a given moment, based on its draught (virtual traffic lights); the
graphical interface is able to detect and easily signal hazardous situations in harbors in
order to provide a useful support to decision makers (port authorities, coast guards), with
the aim of increasing safety for people working in ports.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app122312202/s1, Figure S1. Measurements carried out be-
tween 21 and 27 February 2007 inside the port of La Spezia: (a) atmospheric pressure; (b) sea
level (Ap =10hPa, Ah =16 cm, Jph =1.6 cm hPa—1). Figure S2. Measurements carried out be-
tween 25 February and 1 March 2007 inside the port of La Spezia: (a) atmospheric pressure; (b)
sea level (Ap =9.8 hPa, Ah =16.4 cm, Jph =1.7 cm hPa—1). Figure 53. Measurements carried out
between 9 and 16 May 2007 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level
(Ap =59 hPa, Ah=16.1 cm, ]ph =2.7 cm % hPafl). Figure S4. Measurements carried out between
31 May and 2 June 2007 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level
(Ap =49 hPa, Ah =14.4 cm, Jp, =2.9 cm * hPa~!). Figure S5. Measurements carried out between 1


https://www.mdpi.com/article/10.3390/app122312202/s1
https://www.mdpi.com/article/10.3390/app122312202/s1

Appl. Sci. 2022,12, 12202

12 0f 18

and 4 June 2007 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 4.9 hPa,
Ah=16.8 cm, Jpn = 3.4 cm * hPa™1). Figure S6. Measurements carried out between 3 and 10 Au-
gust 2007 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap =12.2 hPa,
Ah=20cm, J,p =1.6 cm * hPa~!). FigureS7. Measurements carried out between 20 and 27 Oc-
tober 2007 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap =13.7 hPa,
Ah=27.6 cm, J, =2 cm * hPa~!). Figure S8. Measurements carried out between 3 and 13 April 2008
inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 17.5 hPa, Ah =40.2 cm,
Jph =2.3 cm * hPa~!). FigureS9. Measurements carried out between 10 and 17 April 2008 in-
side the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 16.9 hPa, Ah =30.8 cm,
Jph =18 cm hPa~!). Figure S10. Measurements carried out between 26 August and 9 September
2008 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 7.8 hPa, Ah =19 cm,
Jph =24 cm * hPa~!). Figure S11. Measurements carried out between 26 November and 2 December
2008 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 28.9 hPa, Ah =51.6 cm,
Jonh =1.8 cm * hPa~!). Figure S12. Measurements carried out between 29 January and 9 February
2009 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 28.2 hPa, Ah = 45.6 cm,
Jph = 1.6 cm hPa—1). Figure 513. Measurements carried out between 28 May and 7 June 2009
inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap =17.2 hPa, Ah =35.4 cm,
Jph =21 cm hPa~1). Figure S14. Measurements carried out between 6 and 18 September 2009
inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 13.8 hPa, Ah =24.6 cm,
Jph =1.8 cm % hPa~!). Figure S15. Measurements carried out between 28 November and 1 De-
cember 2009 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap =20.5 hPa,
Ah =38.6 cm, Jph =1.9 cm hPa—1). Figure S16. Measurements carried out between 18 and 20
February 2010 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 19.4 hPa,
Ah =339 cm, Joh =17 cm hPa—1). Figure S17. Measurements carried out between 4 and 15 June
2010 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 8.2 hPa, Ah =16.4 cm,
Jph =2cm * hPa~1). Figure 518. Measurements carried out between 7 and 16 August 2010 in-
side the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap =7.8 hPa, Ah =16.5cm,
Jph =2.1 cm * hPa~!). Figure S19. Measurements carried out between 27 October and 02 November
2010 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 17.3 hPa, Ah = 35.7 cm,
Joh =21 cm * hPa~!). Figure S20. Measurements carried out between 26 January and 8 February
2011 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 18.9 hPa, Ah = 30.3 cm,
Jph = 1.6 cm hPa—1). Figure 521. Measurements carried out between 18 and 28 June 2011 in-
side the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap =11.3 hPa, Ah =241 cm,
Joh =21 cm hPa~!). Figure S22. Measurements carried out between 18 September and 2 Oc-
tober 2011 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap =20.8 hPa,
Ah =33 cm, Jop = 1.6 cm * hPa~!). Figure S23. Measurements carried out between 21 and 27 October
2011 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 15 hPa, Ah = 33.7 cm,
Joh =22 cm * hPa—1). Figure S524. Measurements carried out between 25 October and 3 November
2011 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 17.3 hPa, Ah =28.8 cm,
Jph =1.7 cm hPa—1). Figure 525. Measurements carried out between 28 October and 7 November
2011 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 17.2 hPa, Ah =29.4 cm,
Joh =17 cm hPa~!). Figure S26. Measurements carried out between 12 and 20 July 2012 in-
side the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 10.5 hPa, Ah =18.1 cm,
Jph =1.7 cm % hPa—1). Figure S27. Measurements carried out between 8 and 16 October 2012 in-
side the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 14.2 hPa, Ah =23.4 cm,
Jonh =1.6 cm * hPa~!). Figure S28. Measurements carried out between 5 and 12 May 2013 inside the
port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 5.7 hPa, Ah =17.3 cm, Jph =3 cm * hPa~1).
Figure S29. Measurements carried out between 23 and 28 June 2013 inside the port of La Spezia:
(a) atmospheric pressure; (b) sea level (Ap = 9.3 hPa, Ah =172 em, Jp, = 1.8 cm * hPa—!). Figure S30.
Measurements carried out between 19 and 26 January 2014 inside the port of La Spezia: (a) atmo-
spheric pressure; (b) sea level (Ap = 17.2 hPa, Ah = 35 cm, Jph =2 cm * hPa—1). Figure S31. Measure-
ments carried out between 10 and 26 February 2014 inside the port of La Spezia: (a) atmospheric
pressure; (b) sea level (Ap =23.6 hPa, Ah =41.4cm, Joh =1.8 cm hPa—1). Figure S32. Measure-
ments carried out between 12 and 16 October 2019 inside the port of La Spezia: (a) atmospheric
pressure; (b) sea level (Ap =12.3 hPa, Ah =20.5cm, Jph =17 cm hPa—1). Figure S33. Measure-
ments carried out between 15 and 18 October 2019 inside the port of La Spezia: (a) atmospheric
pressure; (b) sea level (Ap = 9.3 hPa, Ah =15.5 cm, Joh =17 cm hPa—1). Figure 534. Measurements
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carried out between 17 and 21 October 2019 inside the port of La Spezia: (a) atmospheric pressure;
(b) sea level (Ap =4.8 hPa, Ah =115 cm, Jpp =2.4 cm * hPa~1). Figure S35. Measurements carried
out between 19 and 23 October 2019 inside the port of La Spezia: (a) atmospheric pressure; (b)
sea level (Ap = 6 hPa, Ah=13.3 cm, Jph =22 cm hPa—1). Figure S36. Measurements carried out
between 19 and 25 November 2019 inside the port of La Spezia: (a) atmospheric pressure; (b) sea
level (Ap =12.3 hPa, Ah =287 cm, Jph =23 cm * hPa—1). Figure S37. Measurements carried out
between 27 November and 9 December 2019 inside the port of La Spezia: (a) atmospheric pressure;
(b) sea level (Ap =21 hPa, Ah =39.2 cm, Joh =1.9 cm hPa—1). Figure 538. Measurements carried
out between 28 February and 4 March 2020 inside the port of La Spezia: (a) atmospheric pressure;
(b) sea level (Ap =28.6 hPa, Ah =52.9 cm, Jp, = 1.8 cm * hPa~1). Figure S39. Measurements carried
out between 31 May and 8 June 2020 inside the port of La Spezia: (a) atmospheric pressure; (b)
sea level (Ap =20.3 hPa, Ah =382 cm, J,, =1.9 cm * hPa~!). Figure S40. Measurements carried
out between 7 and 17 June 2020 inside the port of La Spezia: (a) atmospheric pressure; (b) sea
level (Ap = 6.3 hPa, Ah =11.6 cm, Jpnh =1.8 cm hPa—1). Figure S41. Measurements carried out be-
tween 21 and 31 August 2020 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level
(Ap =153 hPa, Ah =26.3 cm, Jph =1.7 cm hPa—1). Figure 542. Measurements carried out between
21 and 29 June 2021 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 7.4 hPa,
Ah=14cm, Joh =1.9 cm * hPa~!). Figure S43. Measurements carried out between 21 and 27 July
2021 inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap = 8.5 hPa, Ah =16.7 cm,
Jph =2 cm x hPa~!). Figure S44. Measurements carried out between 31 July and 24 August 2021
inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap =14 hPa, Ah =23.4 cm,
Jonh =17 cm * hPa~!). Figure S45. Measurements carried out between 18 and 25 September 2021
inside the port of La Spezia: (a) atmospheric pressure; (b) sea level (Ap =11 hPa, Ah =18.8 cm,
Jph = 1.7 cm s hPa™1).
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Appendix A

Table Al. Estimated values for representative events occurred from 2006 to 2021 in the port of

La Spezia.

Start End Ap hPa Ah cm Jph cm * hPa~1 Figure
11/06/2006 01/07/2006 13.5 24 1.8 Al
16/08/2006 23/08/2006 10.3 21 2 A2
12/10/2006 26/10/2006 15.8 31.8 2 A3
23/10/2006 12/11/2006 23.8 45.3 1.9 A4
21/02/2007 27/02/2007 10 16 1.6 S1
25/02/2007 01/03/2007 9.8 16.4 1.7 S2
09/05/2007 16/05/2007 59 16.1 2.7 S3
31/05/2007 02/06/2007 49 14.4 29 S4
01/06/2007 04/06/2007 49 16.8 34 S5
03/08/2007 10/08/2007 12.2 20 1.6 S6
20/10/2007 27/10/2007 13.7 27.6 2 S7
03/04/2008 13/04/2008 17.5 40.2 23 S8
10/04/2008 17/04/2008 16.9 30.8 1.8 S9
26/08/2008 09/09/2008 7.8 19 24 S10
26/11/2008 02/12/2008 28.9 51.6 1.8 S11
29/01/2009 09/02/2009 28.2 45.6 1.6 S12
28/05/2009 07/06/2009 17.2 35.4 2.1 513
06,/09/2009 18/09/2009 13.8 24.6 1.8 S14
28/11/2009 01/12/2009 20.5 38.6 1.9 515
18/02/2010 20/02/2010 19.4 339 1.7 516
04/06/2010 15/06/2010 8.2 16.4 2 517
07/08/2010 16/08/2010 7.8 16.5 2.1 S18
27/10/2010 02/11/2010 17.3 35.7 2.1 519
26/01/2011 08/02/2011 18.9 30.3 1.6 520
18/06/2011 28/06/2011 11.3 241 2.1 521
18/09/2011 02/10/2011 20.8 33 1.6 S22
21/10/2011 27/10/2011 15 33.7 22 523
25/10/2011 03/11/2011 17.3 28.8 1.7 524
28/10/2011 07/11/2011 17.2 29.4 1.7 S25
12/07/2012 20/07/2012 10.5 18.1 1.7 526
08/10/2012 16/10/2012 14.2 23.4 1.6 S27
05/05/2013 12/05/2013 5.7 17.3 3 528
23/06/2013 28/06/2013 9.3 17.2 1.8 529
19/01/2014 26/01/2014 17.2 35 2 S30
10/02/2014 26/02/2014 23.6 414 1.8 S31
12/10/2019 16/10/2019 12.3 20.5 1.7 S32

15/10/2019 18/10/2019 9.3 15.5 1.7 S33
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Table A2. Estimated values for representative events occurred from 2006 to 2021 in the port of

La Spezia.

Start End Ap hPa Ah cm Jph cm x hPa~1 Figure
17/10/2019 21/10/2019 48 11.5 2.4 534
19/10/2019 23/10/2019 6 13.3 2.2 535
19/11/2019 25/11/2019 12.3 28.7 2.3 536
27/11/2019 09/12/2019 21 39.2 19 537
28/02/2020 04/03/2020 28.6 52.9 1.8 538
31/05/2020 08/06/2020 20.3 38.2 1.9 539
07/06/2020 17/06/2020 6.3 11.6 1.8 540
21/08/2020 31/08/2020 15.3 26.3 1.7 541
21/06/2021 29/06/2021 7.4 14 1.9 542
21/07/2021 27/07/2021 8.5 16.7 2 543
31/07/2021 24/08/2021 14 23.4 1.7 544
18/09/2021 25/09/2021 11 18.8 1.7 545

Figures A1-A4 (in this Appendix A) and Figures S1-545 (in the Supplementary Ma-
terial) show data acquired during the events listed in Table A2; solid lines represent
low-frequency components survived the Low-Pass filtering; dashed lines represent high-
frequency components removed by the Low-Pass filtering.
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Figure A1. Measurements carried out between 11 June and 01 July 2006 inside the port of La Spezia:
(a) atmospheric pressure; (b) sea level (Ap = 13.5 hPa, Ah =24 em, Jpp = 1.8 cm * hPa~1).
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Figure A2. Measurements carried out between 16 and 23 August 2006 inside the port of La Spezia:
(a) atmospheric pressure; (b) sea level (Ap = 10.3 hPa, Ah =21 em, Jpp =2 em * hPa~1).
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Figure A3. Measurements carried out between 12 and 26 October 2006 inside the port of La Spezia:
(a) atmospheric pressure; (b) sea level (Ap = 15.8 hPa, Ah =31.8 cm, Jph =2 cm % hPa—1).
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Figure A4. Measurements carried out between 23 October and 12 November 2006 inside the port of
La Spezia: (a) atmospheric pressure; (b) sea level (Ap =23.8 hPa, Ah =45.3 cm, Jp, = 1.9 cm * hPa~1).
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