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Abstract The estimation of long-term sea level variability is of primary im- 10

portance for a climate change assessment. Despite the value of the subject,
no scientific consensus has yet been reached on the existing acceleration in
observed values. The existence of this acceleration is crucial for coastal pro-
tection planning purposes. The absence of the acceleration would enhance the
debate on the general validity of current future projections. Methodologically, 15

the evaluation of the acceleration is a controversial and still open discussion,
reported in a number of review articles, which illustrate the state-of-art in the
field of sea level research.

In the present paper, the well-proven direct scaling analysis approach is pro-
posed in order to describe the long-term sea level variability at 12 worldwide- 20

selected tide gauge stations.

For each of the stations, it has been shown that the long-term sea level
variability exhibits a trimodal scaling behaviour, which can be modelled by a
power law with three different pairs of shape and scale parameters. Compared
to alternative methods in literature, which take into account multiple corre- 25
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lated factors, this simple method allows to reduce the uncertainties on the sea
level rise parameters estimation.

1 Introduction

One of the present-day challenges is how to use science to cope with problems
that can arise from complex natural phenomena that are not yet completely30

understood. One such phenomenon is the long-term sea level variability. Sea
level is considered a key indicator of climate change and its estimation provides
an essential constraint for global climate models [1, 28] ref.28 added. Since
the sea level variability affects the coastal areas, it is also an important factor
to be considered to mitigate the consequences of natural disasters both at the35

global level and at local/regional scales, particularly in coastal regions where
there are substantial aggregations of population and properties [46,58], and for
strategic beach-management plans [8, 9, 20,50]. Moreover, sea level variability
is a key factor in compound flood hazard assessments since coastal cities that
are vulnerable to this phenomenon are also at risk for flooding from other40

correlated drivers (e.g. extreme coastal high tide, storm surge, porous media
and river flow) [7, 27,30,33,41–45]. ref.30 added

In this context, long-term sea level time series recorded at coastal tide
gauges are particularly valuable [17, 29, 37, 38, 55, 57]. ref.17, 29 added In
literature, extensive studies have been devoted to exploring sea level variabil-45

ity. The Intergovernmental Panel on Climate Change (IPCC), an international
organisation responsible for assessing the scientific basis of climate change, its
impacts and future risks, warned that at current trends, the projected incre-
ments in mean sea level (MSL) for the year 2100, relative to the 1986–2005
period, ∆s,ipcc, are 400 mm, 470 mm, 480 mm or 630 mm, for the Representa-50

tive Concentration Pathways scenarios indicated as RCP2.6, RCP4.5, RCP6.0
and RCP8.5, respectively. However, from the tide gauge records, the acceler-
ation required to reach these large projected MSL rises over the course of the
21st century is not evident. Even though the measurement of this accelera-
tion is a topic with a long standing history [6, 13, 26], the most recent debate55

was initiated by a series of publications [21–23] that raised concerns about
the general validity of the sea level projections; the authors did not find any
acceleration in the sea level in U.S.A. tide gauge records during the 20th cen-
tury. Instead, for each time period they considered, the records showed small
decelerations that are consistent with a number of earlier studies of worldwide60

gauge records [14,54,56]. By using a different approach in data analysis, other
researchers [12, 40] have found the arguments of [21–23] not convincing and
showed that accelerations are present.

It is worth to point out that the uncertainties on the methodology and
interpretation of the results are not only restricted to the USA tide gauge65

records. Different studies reported that tide gauge data around Australia do
not show any sign of acceleration [2,21–23,53]. An opposite explanation is given
by [24], who showed that the observed acceleration is in line with those pro-
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posed by [25]. These contradictory results underline the importance of properly
quantifying the uncertainties associated to each method. 70

The authors in [51] tried to shed light on the controversial discussion of
the quantification of the MSL rise by providing a comprehensive review of the
trend methods used so far (for a total of 30 methods). The authors believe
that much of the misunderstandings/controversies in the scientific community
are due to the different mathematical or statistical characteristics of the con- 75

sidered models: a different approach may lead to contradictory acceleration-
deceleration inferences. Similar conclusions have been reached in [49].

In the last decade, some approaches based on the scaling analysis for the
characterisation (and quantification) of long-term sea level variability in space
and time have been proposed [5, 11, 15, 16, 32, 34]. These approaches have not 80

been included in the set of 30 methods reviewed in [51].

Following [1], a sea level variability process exhibits scale invariance if its
spectral density function follows a power-law behaviour for frequencies ap-
proaching zero. This power-law-built approach is based on the definition of
the scale parameter. The value of this parameter defines not only long mem- 85

ory but also other kinds of scaling behaviour, as for example, white noise,
short range stationarity and random walk. Thus, the estimation of the scale
parameter of a sea level tide gauge record provides an alternative and com-
plementary way of characterising the low frequency structure of the sea level
variability. 90

A further approach for the scaling analysis of sea level records has been pro-
posed by [59]. This approach is based on a multi-fractal temporally weighted
de-trended fluctuation analysis (MF-TWDFA). This can be considered an ex-
tension of the multi-fractal de-trended fluctuation analysis (MF-DFA), that is
suitable to identify long-range correlation and multi-scaling behaviour of the 95

MSL rise in Hong Kong.

To our knowledge, among the currently available scaling-based trend meth-
ods in literature, a procedure involving a direct scaling analysis (DSA) has not
been yet applied in sea level research [10].

The focus of the present work is to examine the long-term variability of 100

the observed annual MSL, indicated in the following as h̄, at 12 selected tide
gauge stations (TGS) with a direct scaling analysis.

The paper is organised as follows. Section 2 describes the tide gauge dataset
used to retrieve the information related to h̄ and the adopted DSA approach.
Section 3 presents the application of the DSA method to 12 selected TGS. 105

Section 4 shows how an estimate of the sea level variability can be obtained
with the DSA approach. It also presents some preliminary projections for the
selected TGS relative to the year 2100. Finally, Section 5 draws the conclusion
of the paper, indicating lower values of MSL projections in comparison with
the IPCC scenarios. 110
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Fig. 1 Locations of the 12 selected TGS.

2 Data processing and methods

2.1 Tide Gauge Dataset and selected stations

In the present study, tide gauge data extracted from the database of the Per-
manent Service for Mean Sea Level (PSMSL) have been considered [19, 36].
The PSMSL is the global data bank of long-term sea level information, ob-115

tained from tide gauges. The PSMSL receives monthly and annual MSL values
from almost 200 national authorities, distributed around the world, responsi-
ble for the sea monitoring in each country or region. In order to define time
series of sea level records at each station, the monthly and annual means have
to be reduced to a common datum. This reduction is performed by the PSMSL120

by making use of the tide gauge datum history provided by the supplying au-
thority. This data set forms the so-called ‘Revised Local Reference’ (or ‘RLR’)
dataset. In general, only RLR data should be used for time series analysis.

In this work, data sets of observed annual MSL time series from 12 selected
TGS have been analysed. All of them have long and continuous records, cov-125

ering at least 78 years, from 1916 to 1993, with gaps < 1 year. Figure 1 shows
the 12 selected TGS, located in Northern Europe (Newlyn, UK; IJmuiden, The
Netherlands; Cuxhaven, Germany), Southern Europe (Trieste, Italy and Mar-
seille, France), United States of America (San Francisco, Seattle, New York,
Honolulu), India (Mumbai), Australia (Fremantle and Sydney).130
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Table 1 summarises the characteristics of the 12 TGS, by including the
geographic coordinates, the time of the available sea levels records and Y, the
length in years of the data set.

Figure 2 shows the time series of h̄ from the 12 selected TGS for the period
1916–1993 (the time interval that is common to all the data sets considered). 135

Table 1 Characteristics of the investigated TGS.

Country Location
PSMLS

Longitude Latitude
Recording

N.

ID Time
years
Y

Germany Cuxhaven 7 8◦43’00”E 53◦52’00”N 1843–2016 174
The Netherlands IJmuiden 32 4◦33’16”E 52◦27’43”N 1872–2016 145
United Kingdom Newlyn 202 5◦32’34”W 50◦06’10”N 1916–2016 101

France Marseille 61 5◦21’13”E 43◦16’43”N 1885–2016 132
Italy Trieste 154 13◦45’30”E 45◦38’50”N 1875–2016 142
USA New York 12 74◦00’47”W 40◦42’00”N 1856–2016 161
USA Seattle 127 122◦20’17”W 47◦36’06”N 1899–2016 118
USA San Francisco 10 122◦27’54”W 37◦48’24”N 1855–2016 162
USA Honolulu 155 157◦52’00”W 21◦18’24”N 1905–2016 112
India Mumbai 43 72◦49’59”E 18◦55’00”N 1878–2010 133

Australia Sydney 65 151◦13’59”E 33◦51’00”S 1886–1993 108
Australia Fremantle 111 115◦44’2”E 32◦03’20”S 1897–2015 119

2.2 DSA approach

The scaling relationship of h̄ has been examined following a DSA approach [18,
31, 47]. This approach has been used to provide information about a possible
simple or multimodal behaviour of the observed annual MSL at the 12 selected
TGS, for the period 1916 - 1993. 140

Specifically, for the considered TGS, the values of h̄ have been rescaled to a
common starting level (‘0’) by subtracting the data set minimum value, hmin,
from all the records:

∆ = h− hmin (1)

The analysed variable then becomes the observed annual MSL increment,
defined as ∆.

The cumulative mass function (cmf) of ∆, P(∆ ≥ ∆s), with varying mea-
sure partition d∆, fits well with a power law:

P (∆ ≥ ∆s) ∼ a · (∆s)
−b (2)

where a and b are the shape and scale parameters, respectively, and ∆s is 145

the threshold minimum value of the observed annual MSL increment observed
in any class partition of the measure ∆+d∆. This scaling law, in which the
parameters a and b are invariant, can be determined by fitting straight lines to
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Fig. 2 Observed annual MSL for the period 1916–1993.
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∆ data sets for each spatial partition on log-log scale, namely, by the following
relationship: 150

log[P (∆ ≥ ∆s)] ∼ log(a) − b · log(∆s) (3)

In the present application, the fitting ranges have been determined as those
resulting in the maximum determination coefficient, R2, of the least squares
linear regression [31]. This procedure allows the definition of the lower and
upper values of the physical limits, ∆s,inf and ∆s,sup which could even not be
coincident with the minimum or maximum values of ∆, therefore the scaling 155

range is defined between these limits. This range can have a simple or multi-
scaling behaviour. The latter aspect would be highlighted by the presence of
multiple consecutive scaling regimes with different slopes. In particular, in the
present work, (see Sect. 3.1) such behaviour appears to be characterised by
the presence of three scaling regimes, showing a multimodal nature. 160

3 Results

The observed annual MSL increment time series from 12 selected TGS have
been analysed following the DSA approach based on Eqs. 2 and 3. In the
following, the TGS in San Francisco has been selected as representative case.
The fitting procedure for Eq. 3 has been carried out with a numerical algorithm 165

based on the libraries Scipy [35] and Numpy [52] of Python 2.7 [39].

3.1 Scaling analysis

Figure 3 shows the relationship between log[P(∆ ≥ ∆s)] and log(∆s). A value
of 1 mm has been considered for d∆, corresponding to the maximum resolution
of the measure. The black line represents the cmf of ∆s. It can be observed 170

that the cmf exhibits three scaling regimes, indicated as 1, 2 and 3. The red
dashed line depicts the piecewise linear fitting function.

The DSA method, through the fitting procedure based on Eq. 3, allows
to determine the values of the scaling range limits, ∆s,inf and ∆s,sup. From
these, the corresponding limits of the observed annual MSL, defined as hinf
and hsup, can be determined:

hinf = ∆s,inf + hmin (4)

hsup = ∆s,sup + hmin (5)

Moreover, the method allows to determine their corresponding probabil-
ities, P (hinf ) and P (hsup), and the differences hsup – hinf and P (hinf ) −
− P (hsup). All these observations are very important to quantify the behaviour 175

of the sea level variability in each of the considered locations.
Table 2 summarises the results of the DSA analysis for the 1st, 2nd, and

3rd scaling regimes at each of the selected TGS.
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Fig. 3 Observed trimodal scaling behaviour at San Francisco TGS, for the period 1916 -
1993.

The largest differences between hsup and hinf are observed in New York
(99 mm), Seattle (89 mm) and San Francisco (100 mm) for the 1st, 2nd and180

3rd scaling regimes, respectively. The smallest differences between hsup and
hinf are observed in Mumbai (31 mm and 34 mm) for the 1st and 2nd scaling
regimes and in Newlyn (14 mm) for the 3rd scaling regime.

To evaluate the existence of a spatial homogeneous scaling behaviour among
the considered TGS, the values of the scale parameter b have been analysed.185

Although similar values of b have been observed for the 1st, 2nd and
3rd scaling regimes (e.g. Seattle, Honolulu, San Francisco), a certain non-
uniformity, showing a multi-scaling behaviour, already highlighted in other
works on similar subjects [59], has been found. Specifically, the variability of
the b exponent, between 0.05 ± 0.01 and 0.53 ± 0.02 for the 1st regime, 0.84190

± 0.03 and 3.31 ± 0.07 for the 2nd regime, 3.58 ± 0.07 and 13.09 ± 0.95 for
the 3rd regime, suggests that a geographical correlation is not clearly evident.

3.2 Scaling regimes variation in time

The DSA approach has been applied to investigate the temporal variations of
the observed annual MSL increment. In this case, the available entire data set195

has been considered in the analysis (Table 1), partitioned in other two data
sets: the first, PTS1, spans 50 years (covering the period 1855–1905) and the
second, PTS2, spans 100 years (for the period 1855–1955). The entire data
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set, PTS3, spans 162 years (1855–2016). Figure 4 shows the cmf for PTS1,
PTS2 and PTS3. The black dashed lines depict the piecewise linear fits from200

the DSA analysis.

Fig. 4 DSA multi-scaling behaviour observed at the San Francisco TGS for the different
data sets.

For each of the PTS data set, the DSA analysis has been applied excluding
the following observed annual MSL increments that define the physical cut-offs
of the cmfs:

∆s < ∆s,min with P (∆s ≥ ∆s,min) = 95% (6)

∆s > ∆s,max with P (∆s ≥ ∆s,max) = 5% (7)

As summarised in Table 3, the scale parameter, b, shows a different be-
haviour in time, thus highlighting a sea level variability. In particular, with
reference to the 1st scaling regime, the scale parameter b increases (∆s interval
decreases) with the length of the time period. On the contrary, for the scaling205

regimes 2nd and 3rd, b decreases (∆s interval increases).

Specifically, with reference to the 3rd scaling regime, the lowest value of b
(cmf mildest slope) has been obtained in PTS3, which corresponds to larger
intervals of observed ∆s.
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Table 3 DSA scale parameter observed at San Francisco TGS.

Data set Number of years Regime b

PTS1: 1855–1905 years 50
1st 0.24
2nd 3.06
3rd 11.27

PTS2: 1855–1955 years 100
1st 0.41
2nd 2.20
3rd 9.37

PTS3: 1855–2016 years 162
1st 0.65
2nd 1.64
3rd 4.96

4 Sea level future projections 210

In order to obtain information about future projections of annual MSL, the
DSA analysis for each of the 12 selected TGS has been conducted for the
entire data set and for partial data sets 25, 50, 75, 100, 125 and 150 years
long, counted from the first observation; as a consequence, the number of
partial data sets, N, is equal to Y/25 (Table 4). 215

Table 4 Recording time Y and number of partial data sets N for the investigated TGS.

TGS Y N
San Francisco 162 6

Seattle 118 4
New York 161 6
Honolulu 112 4
Newlyn 101 4

Cuxhaven 174 6
IJmuiden 145 5
Trieste 142 5

Marseille 132 5
Sydney 108 4

Fremantle 119 4
Mumbai 133 5

The total number of examined data sets is NTS = N+1. As representative
case, Figure 5 shows the results obtained for the San Francisco TGS. A total
of 7 data sets has been considered: the 6 partial data sets and the available
entire data set.

In order to obtain information about the extreme values of the observed 220

∆s and their probability of occurrence, the 3rd scaling regime has been in-
vestigated, because it is used to model the lower range of probabilities (see
Table 2). Since it describes the less frequent events, it is also a more direct
representation of the amount of sea level fluctuations. On the contrary, the
increments represented by the scaling regimes I and II, are directly connected 225

to the secular growth which shows higher probability of occurrence. Within
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Fig. 5 DSA analysis for the San Francisco TGS (selected as representative).

the 3rd scaling regime, for each considered data set, the largest values of ob-
served ∆s corresponding to cmf > 5% (indicated with a dashed green line in
Figure 5) have been selected. As an example, the largest observed ∆s in the
data set 1855-1880 is 182 mm, with cmf = 8%.230

The cmfs relative to each data set, depicted with different colours in Fig-
ure 5, showed a different behaviour in time. In particular, kept constant a value
of ∆s, the cmf increases with the length of the data set. With reference to the
data set 1855–1905, the observed ∆s = 182 mm showed a higher probability
of occurrence (cmf ≈ 12%) compared to the data set 1855–1880. The different235

behaviour of the cmfs during the time indicates that the observed ∆s values
increased, reaching the largest values in the data set 1855–2006 (red line).

Table 5 summarises the values of the largest observed ∆s in the 3rd scaling
regime at the San Francisco TGS for the different data sets.

Table 5 Largest observed ∆s in different data sets at the San Francisco TGS.

Data set Number of years ∆s [mm]
1855–1880 25 182
1855–1905 50 192
1855–1930 75 192
1855–1955 100 206
1855–1980 125 251
1855–2005 150 303
1855–2016 162 336

In order to have a comparison with the IPCC projections, for each TGS, the240

observed annual MSL values (h) in the years 1986–2005, have been considered,
and, with reference to this time interval, the means of these values (hµ) have
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Table 6 Sea level projections for the year 2100 for each TGS: determination coefficient R2

and the estimated projected ∆s and h.

TGS R2 2100 ∆s [mm] 2100 h [mm]
San Francisco 0.992 642 7427

Seattle 0.981 431 7353
New York 0.995 691 7365
Honolulu 0.992 355 7212
Newlyn 0.985 359 7275

Cuxhaven 0.974 564 7306
IJmuiden 0.976 669 7344
Trieste 0.947 318 7125

Marseille 0.858 322 7145
Sydney 0.915 160 7064

Fremantle 0.967 455 6976
Mumbai 0.975 214 7151

been calculated. For each hµ, the IPCC RCP [25] scenario predictions for the
year 2100, ∆s,IPCC , have been added; the resulting values are indicated as h∗,
namely: 245

h∗ = ∆s,IPCC + hµ (8)

From Eq. 8, it is possible to extract the IPCC increment, ∆p, with respect
to the hmin, as in the following:

∆p = h∗ − hmin (9)

The values of the largest observed ∆s and the values of ∆p are shown in
Figure 6 for each of the selected TGS. A fitting procedure, based on the least-
square minimisation method, has been applied to the largest observed ∆s

values, represented as blue dashed line. An extrapolation of the fitting function
(blue dotted line) allows to give an estimation of the observed annual MSL 250

increase up to the year 2100. A 95% confidence level band has been considered.
The fitting procedure outlined two different behaviours for the selected TGS.
In particular, San Francisco and IJmuiden, showed a second-degree polynomial
law, whereas the others follow a linear trend.

For each considered TGS, lower values of ∆s compared with the projec- 255

tions for the year 2100 from all the IPCC scenarios have been obtained [25].
For the IJmuiden and San Francisco TGS, characterised by a non-linear fit-
ting function, values of projected ∆s result in agreement with IPCC scenarios
RCP2.6 and RCP4.5 [25].

Table 6 summarises, for each TGS, the determination coefficient R2 and 260

the estimated projected ∆s and h.

5 Conclusions

A methodology, based on a direct scaling analysis (DSA) of long and contin-
uous records of mean sea level (MSL), covering at least 78 years from 1916
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Fig. 6 Projected observed annual MSL increments for the 12 selected TGS. The projections
calculated according to the IPCC scenarios are also shown.
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to 1993, at 12 selected tide gauge stations, has been applied. The approach 265

allowed to get insights about the scale invariance of the parameters char-
acterising the cumulative mass functions (cmf) and the local predictions of
the sea level variability. The cumulative mass function can be modelled with a
piecewise power law function. Specifically, this function is characterised by the
presence of three scaling regimes, showing a multi-scaling nature of the cmf 270

behaviour. Following this approach, for the three observed scaling regimes, the
minimum and maximum limits and the scale parameters have been estimated.
In general, except few cases among those considered, the scale parameters
do not exhibit correlation and spatial invariance, indicating a multiscaling
behaviour on a geographical basis. This result is in agreement with already 275

published results [59]. The overall analysis, further to highlight multi-scaling
features, shows the possibility of adopting the same piecewise approach to pre-
dict the future sea level behaviour. For each considered TGS, lower values of
∆s, relative to the projections for the year 2100 from all the IPCC scenarios,
have been found with the possible exception of the two sites IJmuiden and 280

San Francisco, characterised by a non-linear fitting function, in which the val-
ues of ∆s are only slightly lower compared to IPCC scenarios RCP2.6 and
RCP4.5 [25]. These results would imply that considerable acceleration must
take place in the following decades if the IPCC predictions are going to ma-
terialize. In a future work, a further analysis will be performed by separating 285

the secular growth, which is visible in Figure 2, from the fluctuating behaviour
of the data. A good assessment of the secular growth levels is of fundamental
importance for the forecasting of the sea level variability in the future and
the present fitting procedure could be improved through the use of different
techniques. An alternative technique, to separate the secular growth from the 290

fluctuations, would be the use of the ‘Empirical Mode Decomposition’ (EMD)
method [3, 4, 48], which allows a clear separation of the different frequencies
present in a signal and an eventual secular growth.
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980–991 (2006)

58. Wu, S., Feng, A., Gao, J., Chen, M., Li, Y., Wang, L.: Shortening the recurrence periods470

of extreme water levels under future sea-level rise. Stochastic Environmental Research
and Risk Assessment 31(10), 2573–2584 (2017). DOI 10.1007/s00477-016-1327-2. URL
https://doi.org/10.1007/s00477-016-1327-2

59. Zhang, Y., Ge, E.: Temporal scaling behavior of sea-level change in Hong Kong - Mul-
tifractal temporally weighted detrended fluctuation analysis. Global and Planetary475

Change 100, 362–370 (2013)


