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Abstract

Global mean sea-level rise (SLR) has accelerated since 1900 from less than 2 mm yr~! during most
of the century to more than 3 mm yr~! since 1993. Decision-makers in coastal countries, however,
require information on SLR at the regional scale, where detection of an acceleration in SLR is
difficult, because the long-term sea-level signal is obscured by large inter-annual variations with
multi-year trends that are easily one order of magnitude larger than global mean values. Here, we
developed a time series approach to determine whether regional SLR is accelerating based on tide
gauge data. We applied the approach to eight 100-year records in the southern North Sea and
detected, for the first time, a common breakpoint in the early 1990s. The mean SLR rate at the
eight stations increases from 1.7 & 0.3 mm yr~! before the breakpoint to 2.7 + 0.4 mm yr~ ! after
the breakpoint (95% confidence interval), which is unprecedented in the regional instrumental
record. These findings are robust provided that the record starts before 1970 and ends after 2015.
Our method may be applied to any coastal region with tidal records spanning at least 40 years,
which means that vulnerable coastal communities still have time to accumulate the required time
series as a basis for adaptation decisions in the second half of this century.

1. Introduction

Sea level rise (SLR) is threatening coastal communit-
ies worldwide. The ability of a society to adapt in
a timely manner hinges on the timely detection of
changes in key driving forces (Bloemen et al 2018,
Richter et al 2020). Of particular relevance for coastal
adaptation is the detection of an acceleration in
regional SLR, which either requires a more rapid
adaptation of coastal defense structures (Haasnoot
et al 2020) or a shift in strategy from holding the
line to managed coastal retreat (Haasnoot et al 2021,
Mach and Siders 2021, Moss et al 2021). Both satel-
lite altimetry observations and sea-level reconstruc-
tions based on tide gauge data show that global mean
SLR has been accelerating through the 20th century
(Dangendorf et al 2017, 2019, Frederikse et al 2020).

© 2022 The Author(s). Published by IOP Publishing Ltd

However, global mean SLR values are not salient for
decision makers in coastal countries, who require SLR
data at the regional scale (Cash et al 2003, Haasnoot
et al 2018) to plan for timely adaptation.

The detection of acceleration in regional SLR is
a major challenge, because sea-level measurements
are affected by region-specific physical processes such
as winds, shallow-ocean dynamics, river runoff, and
bathymetry changes (Vinogradov and Ponte 2011,
Frederikse et al 2016, Davis and Vinogradova 2017,
Raso et al 2019a, 2019b). In the North Sea, detec-
tion of an acceleration in SLR is particularly chal-
lenging because the region is located within a shal-
low continental shelf, where a large inter-annual to
decadal variability is induced by the combined effect
of local atmospheric conditions and off-shelf ocean
dynamics (Dangendorf et al 2014). Previous studies
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of the North Sea region applied various time series
approaches to analyze SLR (Calafat and Chambers
2013, Wahl et al 2013, Haigh et al 2014, Ezer et al
2016), but were not able to find evidence of a signi-
ficant acceleration in the studied records.

In this paper, we developed a two-step approach
to detect a potential acceleration in tidal records. First,
we extract the sea-level signal from tide gauge data.
And second, we analyze the extracted sea-level sig-
nal to detect whether a breakpoint is present, and to
quantify the SLR before and after the breakpoint. We
applied this approach to eight tide gauges in the North
Sea, where several stations provide high-quality and
uninterrupted records spanning more than a century.
The robustness of the results was carefully evaluated
by analyzing parts of the time series with different
beginning and end years.

2. Methods

We developed a two-step approach to detect a pos-
sible acceleration in SLR from tide gauge data. The
first step is to extract the sea-level signal (i.e. the sig-
nature of sterodynamic and barystatic SLR) from tide
gauge data using an unobserved components model
(UCM). The second step is to detect a possible accel-
eration by fitting a piecewise linear function (PWLF)
to the extracted sea-level signal. The slope of each lin-
ear segment represent the rate of SLR. A breakpoint in
the PWLF represents a change in SLR rate; an increase
in the slope represents an acceleration.

2.1. Step 1: extraction of the sea-level signal
Periodical, external, and random influences obscure
the sea-level signal in raw tide gauge data. We
developed an UCM (Harvey 1990) to extract the
sea-level signal from monthly averaged tide gauge
data. The UCM models the tide gauge data y, as a
superposition of the sea-level signal ,;, M seasonal
variations 7, ,, N external influencing factors X, ,
with corresponding coefficients 3,, and a random
component €;:

M N
Ye= U+ Z’Ym,t + Zﬁnxn,t + €. (1)
m=1 n=1

The sea-level signal is modeled with a local level
model (a random walk process)

Per1 = e+ (2)

where 7); are identically distributed random variables
with zero mean and finite standard variance, which
are mutually independent of €, and ;.

Two seasonal signals are taken into account
(M =2): the lunar nodal cycle v; ; and a yearly vari-
ation 7, ;. The lunar nodal cycle is the main tidal com-
ponent at decadal scale with a period of 18.61 years
(Kaye and Stuckey 1973). The low-frequency nodal
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tide is not accurately resolvable, since large-scale
ocean dynamics and global land hydrology have
multi-decadal cycles of comparable periods. Hence,
we follow Woodworth (2012) and correct for its
effect by removing the theoretical equilibrium tide
upfront, before applying the UCM. The nodal tide is
calculated as

2
M,y = aCOS(;t—%) (3)

where time ¢ is in years, the equilibrium tide amp-
litude a is in mm, the nodal period A, is 18.61
years, and the nodal phase ¢, is the year 1922.7. The
amplitudes are taken from Frederikse et al (2016)
and depend on the latitude and the longitude of the
tidal station. The yearly variation is modeled as a
repeating pattern in the time domain (7,45 = 72,+)
with periodicity s = 12 months. The yearly variation
sums up to zero over a complete cycle (Durbin and
Koopman 2013)

s—1
Va8 = —Z%,t—j- (4)
=1

The effect of an external influence factor X, ; is
simulated as (3,X,, where 3, is a regression para-
meter. For our analysis, we model the effect of three
external factors (N = 3) for each individual station:
the atmospheric pressure X ; = p;, the wind stress
X5+ = Ty, in zonal u, wind direction, and the wind
stress X3 ; = 7, in meridional v; wind direction (Fre-
derikse and Gerkema 2018)
ui + vy (5)

Tu,t X ut *

Tyt X Ve u%JFV%- (6)

All three external factors are standardised by subtract-
ing the mean and dividing by the standard deviation.
Moreover, a variance inflation factor test (James et al
2013) showed no strong collinearities between the
three external factors (table S1, supplemental mater-
ial). Hence, the factors can be treated as being inde-
pendent of each other.

Finally, the irregular component (error or dis-
turbance) ¢;(t) is modeled as an independent and
identically distributed random variable with zero
mean and finite and constant variance o2 (Durbin
and Koopman 2013). The Python package ‘statsmod-
els’ was used to fit the UCM (Seabold and Perktold
2010). Regression coefficients are estimated by max-
imum likelihood via a Kalman filter. All external
influencing factors and the seasonal components are
significant according to their p-values and 95% con-
fidence intervals.
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2.2. Step 2: detection of an acceleration in the
sea-level signal
Change-point and breakpoint functions are com-
monly used to detect non-linear behavior in climate
data (Mudelsee 2019). We search for a possible accel-
eration in SLR by fitting a PWLF consisting of two
segments to the extracted sea-level signal y;. A break-
point in the PWLF represents a change (acceleration)
in SLR. We fit a PWLF rather than a quadratic func-
tion, because climate-related time series might show
abrupt rate changes, while a quadratic function rep-
resents a constant acceleration that is highly depend-
ent on the length of the analyzed time series (Haigh
etal 2014).

The PWLF is written as

=k t+d for t<t* (7)

fr=kyt+d— (ky—k)t* for t >t (8)
where t* is the breakpoint, k; is the slope before the
breakpoint, k, is the slope after the breakpoint, and
d is the intercept (time is standardised to zero at the
first measurement). Note that the time derivative of
the PWLF is discontinuous at the breakpoint ¢*.

The posterior distribution of the regression para-
meters of the PWLF and their corresponding uncer-
tainties are estimated using Bayesian inference. The
coefficients of all N tidal stations, all with the same
breakpoint t*, are estimated simultaneously. The
parameters k;, k;, and d may differ between sta-
tions because of local differences. All parameters are
gathered in a vector 0. The difference between the
data vector p and the fit vector {1(8) is approximated
by a Gaussian distribution (0, 0%) where the stand-
ard deviation ¢ is the same for all stations because
they all have similar variability. The parameter vec-
tor for N, tide gauges has length 3N, + 2: k;, k, and
d for each station, one common breakpoint t* for all
stations, and the standard deviation o.

The parameters are estimated using the Markov
Chain Monte Carlo method. Uniform priors are used
for all parameters. The boundaries of the priors are
chosen in such a way that they correspond to weak
information regarding the true parameter values. k;
may vary between 0 and ky. = 6 mm yr7!, k;
may vary between k; and knay, so that we restrict
the algorithm to look only for accelerations and
not decelerations in SLR. The intercept d may vary
between plus and minus twice the maximum value of
1, which is a conservative boundary. The breakpoint
* may vary between the starting time ¢, and end time
t, of the time series, and ¢ may vary between 2 and
200 mm yr— 1.

The Metropolis-Hastings algorithm is used to
sample ¢*, which is not differentiable. The No-U-
Turn Sampler (Hoffman and Gelman 2014) , which
is an algorithm that takes advantage of information
about regions of higher probability based on the

3
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gradient of the log posterior-density, is used to sample
all other (continuous) variables; this helps to achieve
significantly faster convergence (Salvatier et al 2016).

The developed Bayesian inference breakpoint
detection algorithm is implemented in Python using
the PyMC3 package (Salvatier et al 2016). We used
four parallel chains, each with 4000 steps for para-
meter tuning and subsequently 10 000 sampling steps.
The step size is tuned to a target acceptance prob-
ability of 0.9. The tuning steps and the first 20% of
the sampling steps are discarded from the final dis-
tribution, so that 32 000 samples are obtained to rep-
resent the posterior distribution for each parameter.
Finally, a robustness check is performed to determine
whether the detected breakpoint and SLR acceleration
depends on the length of the time series.

2.3. Tide gauges and meteorological data for the
North Sea

We applied the developed two-step approach to detect
a breakpoint to eight tide gauges in the southern
North Sea that have continuous 100-year records for
the period 1919-2018 (figure 1) (Permanent Ser-
vice for Mean Sea Level 2021). The air pressure and
the wind in two directions are based on interpol-
ated reanalysis products (Compo et al 2011, Slivinski
etal 2019).

3. Results

3.1. Detection of SLR acceleration
Extraction of the sea-level signal from monthly aver-
aged tide gauge data is illustrated for tidal station
Vlissingen (station A in figure 1) in figure 2 and
for all individual stations in the supplemental mater-
ial (figure S1). The figure shows 100 years of raw
monthly averaged tide gauge measurements (black
line). The sea-level is clearly rising, but the measured
levels vary by 30-50 cm during a year. The extrac-
ted sea-level signal (yellow) is plotted on top of the
raw data. The contributions of all the described com-
ponents of the UCM, which together reproduce the
whole input signal, are shown by the seven colored
curves plotted below the raw data. Global mean sea-
level (Dangendorf et al 2019) is also plotted on top of
the raw data (blue curve) and shows a similar trend to
the extracted signal for most of the Vlissingen record.
The extracted sea-level signals for all eight sta-
tions are shown in figure 3. A PWLF consisting of
two straight segments is fitted to each sea-level signal.
The slope of each linear segment represents the rate
of SLR. An increase in slope at the breakpoint indic-
ates the presence of a positive acceleration in SLR. The
developed Bayesian algorithm searches for a common
breakpoint #* for all stations, based on the expecta-
tion that common processes drive long-term regional
SLR changes. Each station may have a different SLR
(different slopes k; and k; ), due to the potential influ-
ence of local factors.
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Figure 1. Location of eight tidal stations with continuous 100-year records along the shore or the southern North Sea.
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Figure 2. Result of the UCM for the tide gauge station of Vlissingen. At the top, three series are superimposed: the raw monthly
data (black), the global mean sea level (blue), and the extracted sea level signal (yellow). Below that, separated by arbitrary offsets,
we show time series of all components of the UCM: seasonal variations, external influencing factors, and random components.

2000

The fitted PWLFs are shown in figure 3(black
lines) for all stations. Our analysis detected a stat-
istically significant increase in SLR at the common
breakpoint of t* = 1993. On average, SLR increased
by 1.0 + 0.5 mmyr~! from 1.7 £ 0.3 mm yr~ ! prior
to 1993 to 2.7 4= 0.4 mm yr~! after 1993 (black curve
at bottom of figure 3). The estimated SLR varies
between stations by more than 1 mm yr—!, both
before and after 1993 (table 1).

3.2. Robustness check

The presented results are for time series of 100
years that start in 1919. The question arises whether
different results are obtained for shorter time
series that start in later years or end in earlier
years. To answer these questions, we first analyzed

progressively shorter time series, with a minimum
length of 30 years, by increasing the starting year
of the analysis from 1919 to 1988, while the end
year remains fixed at 2018. The results are shown
in figure 4. Detected breakpoints that are within 10
years of the beginning or end of the analyzed series
are discarded, because we consider 10 years to be too
short to estimate a climate-related SLR rate.

The detected breakpoints fall within a period of
7 years (1987-1994, at the 95% confidence level)
when the starting year varies between 1919 and 1970
(figure 4(a)). The corresponding mean SLR rates
before (k;) and after (k;) the breakpoint are fairly
constant and the 95% confidence intervals of k;
and k, are separated (figure 4(b)). This indicates
that the mean SLR increase across the breakpoint is

4
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Figure 3. The extracted monthly sea-level signal (colored curves) and the fitted PWLF (black lines) from the tide gauges analyzed
in this study. An arbitrary offset is added to the individual time series for better visualization. The locations of the tide gauges are
shown in the inset. The detected breakpoint t* is shown with a vertical line and the 95% confidence interval obtained with the
Markov Chain Monte Carlo analysis is shaded (August 1993 & 11 months).

Table 1. Detailed results of the MCMC break-point detection depicted in figure 3, showing the estimated SLR of the individual stations
before (ki) and after (k;) the common breakpoint t*, with their corresponding 95% confidence intervals.

k1 (mm yrfl) k> (mm yrfl)
(A) Vlissingen 1.96 +0.06 29+0.2
(B) Maassluis 1.85+0.06 2.240.2
(C) Hoek van Holland 2.26 +0.06 3.14£0.2
(D) IJmuiden 2.17+0.05 2.240.1
(E) Den Helder 1.55+0.06 1.94+0.2
(F) Harlingen 0.92 +0.06 3.0£0.2
(G) Delfzijl 1.47 +0.06 3.54+0.2
(H) Cuxhaven 1.59 £ 0.06 2.6£0.2
Mean 1.7£0.3 2.7+£0.4
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0
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Figure 4. Robustness check of breakpoint detection for time series with different starting times that all end in 2018. (a) Estimates

of common breakpoint t* with 95% confidence intervals (shaded areas). (b) Average SLR before (k1) and after (k) the breakpoint
as a function of the starting time #; with two standard errors of the ensemble mean of the stations (shaded areas).

statistically significant. Estimated values of k; and k;
for individual stations are qualitatively similar to the
average solution even though large inter-station dif-
ferences are visible (figure S2, supplemental mater-
ial). Results are inconsistent for time series that start
after 1970 (figure 4). The estimated value of k, oscil-
lates between 0.5 and 2.5 mm yr~!, and its confidence
interval partly overlaps the confidence interval of k,.
The detected breakpoint may be unreliable for series
starting around 1980, for which ki is highly variable,
because the detected breakpoint is close to the starting
year (figure 4(b)).

Next, we reverse the previous experiment and
analyze progressively shorter time series by decreas-
ing the ending year of the analysis, from 2018
till 1948, while the starting year remains fixed at
1919. The results are shown in figures 5. Although
stable breakpoints are detected in series that end in

1948-2015, none of these breakpoints are associated
with a significant increase of the SLR rate, as the
confidence intervals of k; and k, overlap. A signific-
ant increase in SLR across the breakpoint in 1993 is
only detected when the series end in 2015 or later,
which means that the acceleration in SLR can only
be detected in the 100 year record when recent data
is included. A similar result is obtained when ana-
lyzing 50 years of data starting in 1969 (figure S3,
supplemental material), where it is noted that the
use of this shorter record allows for an earlier detec-
tion of the breakpoint, already characterized by stable
(k1) and (k) rates for records ending around 2010.
Opverall, we conclude that our approach gives con-
sistent estimates for the breakpoint and a significant
increase in regional SLR rates, provided that the series
start early enough and extend far enough into the
21st century.
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Figure 5. Robustness check of breakpoint detection for time series with different end times that all start in 1919. (a) Estimates of
common breakpoint * with 95% confidence intervals (shaded areas). (b) Average SLR before (k1) and after (k,) the breakpoint as
a function of the starting time t; with two standard errors of the ensemble mean of the stations (shaded areas).

4, Discussion and conclusions

We developed an approach to extract the ocean-
driven sea-level signal from tide gauge records by
taking into account two seasonal signals and three
external influence factors. With respect to the influ-
ence of other low-frequency signals, due to telecon-
nections, we have considered the effect of the North
Atlantic Oscillation (NAO) (Ezer et al 2016), but not
included it in the final UCM for two reasons: first,
the effect was very small for all stations relative to
the other contributors (i.e. ten times smaller than the
wind effect). Second, the regression coefficients were
not statistically significant for most of the stations
(table S2, supplemental material). As an example,
the extracted signals at Cuxhaven with and without
adding the NAO as a regressor in the UCM are shown
in the supplemental material (figure S4).

We detected a common breakpoint in the extrac-
ted sea-level signals from a regional set of tide gauge
stations. The estimation of a common breakpoint is
crucial to the success of the detection, because it res-
ults in a reduced sensitivity to inter-station differ-
ences, as shown by the fact that a significant trend
change across the common breakpoint is not always
present at all stations for all starting years (figure S2).
An ensemble detection is justified because regional
SLR acceleration is a large-scale phenomenon that
is most likely caused by a common and remote
driver, which for the North Sea will be a combination
of sterodynamic changes originating in the deeper
North Atlantic (Landerer et al 2007) and of world-
wide continental freshwater fluxes (Bamber and Riva
2010). The magnitude of SLR before and after the
breakpoint was independently estimated for each sta-
tion and averaged afterwards.
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We detected, for the first time, a breakpoint in
regional SLR in the tide gauge records along the
southern North Sea. The mean SLR increased by
1.0 + 0.5 mm yr~! after 1993, reaching a value of
2.7 £ 0.4 mm yr—'. The detected breakpoint reveals
a long-term increase in SLR that is unprecedented
in the regional instrumental record. These findings
are robust with respect to the length of the record,
provided that observations start before the 1970s and
end in 2015 or later.

The estimated average SLR after the breakpoint is
in agreement with results by Frederikse et al (2020)
for the larger Subpolar North Atlantic basin, where
their tide gauge reconstruction provides a value of
2.7+ 0.6 mm yr~! for the same period (without
GIA correction and with uncertainty scaled to 95%
confidence). The SLR trend is also in line with
the global mean value of 3.1 4+ 0.4 mm yr~! since
1993 (Dangendorf et al 2017, 2019, Cazenave et al
2018, Frederikse et al 2020). However, its physical
interpretation may differ, due to regional variability
in vertical land motion and gravity changes induced
by the glacial isostatic adjustment signal of the last
ice age (Walcott 1972, Farrell and Clark 1976, Peltier
and Andrews 1976), as well as to local variability
in vertical land motion of different origin includ-
ing tectonics. We ignore the effect of local processes,
such as groundwater extraction, because we do not
expect them to have a significant impact on either the
determination of the common breakpoint, by design
of the detection algorithm, or on the trend change
across the breakpoint, which can only be contamin-
ated by a local process with a time evolution sim-
ilar to that of the sea level signal. The subsidence
signal induced by tectonics in the region is expec-
ted to be smaller than 0.2 mm yr~! (Kiden et al
2002), which is less than our trend uncertainty and
can therefore be neglected. Concerning the effect of
glacial isostatic adjustment, according to recent work
(Simon et al 2021), its contribution to our estimates
of regional mean SLR amounts to 0.9 + 0.7 mm yr~!
(95% confidence), and is not expected to change
for several centuries. The net contribution of ocean-
driven SLR rates may be obtained by removing the
contribution of glacial isostatic adjustment, which
gives net SLR rates before and after the breakpoint
of ki, =0.8+ 0.8 mmyr—! and k, = 1.9 £+ 0.8 mm
yr— !, respectively. This means that the SLR rate before
and after the detected breakpoint has potentially
more than doubled.

Along the North Sea, both the UK and the
Netherlands have adopted future-oriented flood risk
management strategies that critically depend on the
monitoring of SLR (Bloemen et al 2018, 2019). The
detected acceleration in regional SLR constitutes sali-
ent information for countries in the southern North
Sea to plan adaptive action and provide engineers
with the basic data required for their designs. Our
method may be applied to any coastal region with
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sufficiently long tidal records that are in need of
salient information to plan for adaptation to SLR.
Our analysis indicates that SLR records of at least
40 years should be sufficient for this purpose. Cur-
rent SLR scenarios (Masson-Delmotte et al 2021) still
grant vulnerable coastal communities time to accu-
mulate the required time series to support planning
for future-oriented flood risk management in the
second half of this century.
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Air pressure and wind speed reanalysis products
can be downloaded from NOAA at: www.esrl.noaa.
gov/psd/data/gridded/data.ncep.reanalysis.derived.
surface.html

The source code and output of the UCM ana-
lysis, as shown in figure 2, figure 3 and figure
S1,isavailable at https://github.com/steffelbauer/sea_
level rise_acceleration
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