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Abstract Detection and attribution of human influence on sea level rise are important topics that have not
yet been explored in depth. We question whether the sea level changes (SLC) over the past century were
natural in origin. SLC exhibit power law long-term correlations. By estimating Hurst exponent through
Detrended Fluctuation Analysis and by applying statistics of Lennartz and Bunde [2009], we search the lower
bounds of statistically significant external sea level trends in longest tidal records worldwide. We provide
statistical evidences that the observed SLC, at global and regional scales, is beyond its natural internal
variability. The minimum anthropogenic sea level trend (MASLT) contributes to the observed sea level rise more
than 50% in New York, Baltimore, San Diego, Marseille, and Mumbai. A MASLT is about T mm/yr in global sea
level reconstructions that is more than half of the total observed sea level trend during the XXth century.

1. Introduction

Understanding the causes of the observed rise in mean sea level [IPCC AR5, 2013] is of primary concern for the
climate projections and evaluation of vulnerability of coastal communities. Church and White [2011] have
estimated a global mean sea level (GMSL) linear trend of 1.7 mm/yr in the sea level measurements during the
20th century. However, sea level rise is far from being a uniform process [Church et al., 2004; Jevrejeva et al.,
2006; Cazenave and Llovel, 2010; Nerem et al., 2010; Becker et al., 2012]. Instead, it shows strong spatial

and temporal regional patterns that can deviate substantially from global averages, to the point that local
and global trends differ in sign at some locations [Stammer et al., 2013]. From a physical point of view, the
sea level variations are driven by changes of ocean water volume due to ocean-mass addition, oceanic
warming, and by the deformation of the solid Earth changing the shape of oceanic basins [Mitchum et al.,
2010]. From the perspective of assessing the contribution of human activities to climate changes, the sea
level drivers can be partitioned in anthropogenic and natural forcing [Hegerl et al., 2010]. Following Bloomfield
and Nychka [1992], Hasselmann [1993], Hegerl et al. [1996], Zwiers [2005], and Zorita et al. [2008], we have
reformulated this question by asking: how large a sea level trend could be expected as result of natural
internal variability? In order to answer it, we have applied a method developed recently by Lennartz and Bunde
[2009, 2011, 2012] for detecting anthropogenic influence in time series with long-term power law correlations. The
sea level fluctuations result from complex interactions between diverse physical processes and, as many other
geophysical signals, exhibit long-term correlations [Agnew, 1992] that can be effectively modeled as outcomes of
stochastic power law process with a Hurst exponent a > 0.5 [Beretta et al., 2005; Barbosa et al., 2008; Bos et al,,
2013]. The Hurst exponent a > 0.5 indicates the presence of long-term correlations that manifest themselves as
persistent low-frequency oscillations [Feder, 1988; Rybski and Bunde, 2009]. In long-term correlated records, large
events well above the average are more likely to be followed by large events, and small events well below the
average by small events [Hurst et al., 1965; Mandelbrot and Wallis, 1968, 1969]. In other words, a period of a low
stand of the sea level is more likely to be followed by a low sea level whereas a high sea level is more probably
followed by a high one. This persistence holds, in theory, on over all time scales and may look like positive or
negative trends in the sea level data. Distinguishing between these trend-like natural oscillations and the
external trends in the longest available sea level records is the principal goal of this study.

2. Data and Methods

First, we analyze two GMSL reconstructions: one obtained by Jevrejeva et al. [2006] (GMSLR06 hereafter) for the
period 1807-2002 (available from: http://www.psmsl.org/products/reconstructions/jevrejevaetal2006.php)
and another computed by Church and White [2011] (GMSLR11 hereafter) for the period 1880-2009
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Figure 1. Global mean sea level changes: (a) Time series of monthly GMSLR from Jevrejeva et al. [2006] (GMSLR06 blue
curve) and Church and White [2011] (GMSLR11 red curve). (b) Fluctuation function of second-order detrended fluctuation
analysis (DFA2). The straight lines are the best fits between s=60 and s =180 months.

(available from: http://www.cmar.csiro.au/sealevel/sl_data_cmar.html). Jevrejeva et al. [2006] have
combined 1023 RLR (Revised Local Reference) monthly tide-gauge records from the Permanent Service
for Mean Sea Level database [PSMSL, 2014; Holgate et al., 2013] by using a virtual station method of
averaging neighboring station sea level changes in several regions and then obtaining the global mean
sea level change. Church and White [2011] have used monthly tide-gauge data from the PSML by using
spatial patterns of empirical orthogonal functions estimated from the satellite altimetry data set. In both
reconstructions, the tide-gauge records were priorly corrected for vertical land movement induced by
Glacial Isostatic Adjustment (GIA). In order to be consistent with the rest of the study, we consider the
GMSL reconstructions over their common 112 year period from 1880 to 2002 (Figure 1a). In addition, to
take a closer look at the regional sea level variations, we analyze 59 long-term monthly mean tide-gauge
records (Figure 2 and Table 1) included in the RLR data set of the PMSL. We select tide-gauge records
with at least 100 years of data, with exception of the Newlyn, Brest, and Batiscan records (~98 years),
and with small gaps (<4 consecutive years). We have corrected the tide-gauge time series for the

GIA effect using the ICE-5G (VM2) model from Peltier [2004]. For a variety of reasons [changes in
instrumentation, earthquakes, or other natural of anthropogenic factors; see Becker et al., 2009],

the gaps and discontinuities can strongly affect tide-gauge time series. Missing data in small gaps (<4
consecutive years) have been reintroduced by linear interpolation. For all considered time series, the
seasonal variations have been removed by subtracting the mean values for each calendar month and
dividing the data by the seasonal standard deviations [Koscielny-Bunde et al., 2006; Lennartz and Bunde,
2009]. Figure 3a shows the deseasonalized records for some representative stations. In each deseasonalized
GlA-corrected sea level time series, we estimate three parameters: (1) the Hurst exponent g, (2) the relative
increase of sea level, x, and (3) the possible external SLC, A.,;, during the given period. To determine a, we use
the second-order detrended fluctuation analysis (DFA2) that removes the influence of linear trends on the
determination of a [Kantelhardt et al., 2001]. In the following, we present briefly the main steps of the n-order
DFA procedure for a record X(i), i=1...L. First, we determine the number of intervals of equal

L
length Ls=|L/s| and integrate the record: y(k) = ZXk — (X}, where (X) is the data mean. Next, we divide
k=1

the integrated time series into L; non-overlapping intervals. In each interval, we fit the integrated time series by
using a n-order polynomial function, p,(k) with v a time window of size s(v=1, ..., L), which is regarded as the
local trend. In each interval, we subtract it to get the detrended fluctuations: y,(k) = y(k) — p,(k). The variance of

S
this integrated and detrended time series is calculated by: F2(s) =1 Z ¥, (k). This computation is repeated
k(v)=1

Ls
over all time scales to provide the fluctuation function: F(s) = 4 /LlSZFﬁ (s). These fluctuations can be
v=1

characterized by the fluctuation exponent ¢, the slope of the line relating In(F(s)) to In(s).
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Figure 2. Minimum antropogenic contribution and maximum natural

60°N

50°N

component of the observed sea level trend: (a) Northwest Pacific and

Northeastern Atlantic, (b) European Atlantic, North, and the Baltic Seas,
and (c) Indian Ocean and Australia. Each circle represents a gauge location

and is color coded to reflect the maximum natural and minimum

anthropogenic part of the sea level trend. Basemap from ESRI, Inc.

To determine x, we estimate (1) the sea
level change A, as a difference
between the end point and the
beginning of the regression line drawn
over considered time interval and (2) the
standard deviation of sea level, o;,
around this regression line. Then, the
relative sea level increase is defined as a
dimensionless ratio x = Ayps/0r. Lennartz
and Bunde [2009, 2011, 2012] have found
the probability density function P(x, a; L)
of a relative increase of magnitude x in a
power law series of length L with the
Hurst exponent a. The integration of P
(x, 0; L) leads to the exceedance

probability W(x, ;L) = _[P(x',a; L)dx’
X

that is the probability of observing a
relative increase greater than x in a pure
power law correlated series. In our study,
the question whether the observed

sea level change (SLC) does occur
naturally turns to a statistical decision
problem: whether the measured x
exceeds or not the bounds of the
confidence interval [—xq, + Xgl. Here
Xo=W (1 —Q)/2,¢;L) and Qiis the
confidence level of testing the null-
hypothesis “the observed x is of natural
origin”. Below, we set the bounds xq of
a rather conservative acceptance
region: Q=0.99 (the results
corresponding to a Q=0.95 can be
found in the supporting information). It
means that if x exceeds the boundaries
Xa then the trend is significantly
anthropogenic at 99%. But if it does not
exceed these thresholds, we cannot
decide whether the anthropogenic sea
level trend is present or not. It might be,
for example, that a natural decrease
together with an anthropogenic increase
is adding up to a seemingly harmless
behavior. Ultimately, the contribution
of the minimum anthropogenic sea
level trend (MASLT) A, /L contribution
to the observed sea level trend A,ps/L,
corresponding to a total sea level
increase Aops, is given by: Agy: = 04X — Xq)
(see Figure SM2 in the supporting
information). In our analysis, we chose
sea level records longer than

L > 1200 months because the error in the
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Figure 3. Tide-gauge sea level changes: (a) Time series of monthly sea level anomaly (MSLA) for six representative
tide-gauge records. The bold black lines are the 12 month-running mean window sea level anomaly. (b) Fluctuation function
of DFA2 for the deseasonalized detrended data sets (dotted symbols). The straight lines are the best fits between s =60 and
s=180months.

out as a cluster of unnatural SLC in the largest urban areas of the US East Coast: New York, Philadelphia, Atlantic
City, and Baltimore (Figure 2a). In New York, the minimum externally driven sea level trend is 1.2 mm/yr, or about
67% of the observed total sea level trend. At the Atlantic City and Baltimore tide gauges, the estimated part of the
MASLT is 1.1 mm/yr and represents 39% and 52% of the total sea level trend, respectively. For the tide gauge at
Philadelphia, the estimated part of the MASLT is lower and represents 24% of the observed sea level trend. Here
again, this lower value can be explained by the location of Philadelphia tide gauge at about 100 km upstream

from the Delaware River mouth. These cities correspond to the sea level rise “hot spot” detected by Sallenger et al.
[2012]: a region where the sea level is rising between three and four times faster than the global average. Our

analysis indicates unnatural origin of this fast sea level rising due probably to the anthropogenic warming that
induces, among other consequences, significant changes in the strength of the Atlantic Meridional overturning
circulation and of the Gulf Stream [Sallenger et al. 2012].

In the northern Gulf of Mexico, a strong significant unnatural SLC is found at Galveston (Figure 2a). The MASLT
is 4.1 mm/yr (i.e., 68%) against 6 mm/yr of the observed sea level trend. This tide gauge is known to be
dominated by land subsidence due to the extraction of subsurface fluids, hydrocarbons, and groundwater
withdrawal [Morton et al., 2006; Kolker et al., 2011]. In contrast, the Key West sea level station is situated on a
stable coral reef, at the edge of the Florida shelf [Maul and Martin, 1993; Davis, 2011], and little affected by
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the post-glacial rebound. The MASLT at Key West station is 1 mm/yr and represents 45% of the observed
sea level trend. Detecting a significant unnatural SLC at Key West indicates probably unnatural trend in
dynamics of the Loop Current flowing out the Gulf of Mexico to the western North Atlantic.

Along the Atlantic coasts of Iberia and UK the tide gauges of Newlyn and Cascais present a in range

[0.7; 0.8] and significant unnatural SLC (Figure 2b). The MASLT is 0.6 mm/yr at Newlyn tide gauge and

0.3 mm/yr at Cascais tide gauge, or about 40% and 21% of the observed sea level trend, respectively. It is
tentative to make a parallel with the observed “hot spot” at the east coast of U.S., following Miller and
Douglas [2007] and Woodworth et al. [2010] who have suggested a link between sea level at the eastern
and western boundaries of the North Atlantic through changes in the strength of the oceanic subtropical
gyre. It is remarkable that the Brest record, French Atlantic Coast, being coherent with the regional

value a ~0.7 does not show a significant SLC. This might be explained by the earlier period of the Brest
record (1846-1943) considered in the study, as compared to the Newlyn and Cascais records. Also of
interest is the comparison of Portland (Maine) and Cascais sea level records that have been shown

[Miller and Douglas, 2007; Stammer et al., 2013] to display similar sea level variations but shifted in time by
about 10 years. Whereas the sea level trend at Cascais is identified as having an unnatural component, that
at Portland can still be explained by its natural power law variability.

In the Mediterranean Sea, the century-scale tide record from Marseille reveals a strong unnatural SLC
(Figure 2b). The MASLT is 0.7 mm/yr, or more than a half (58%) of the total sea level trend. Contrarily, the
Trieste tide-gauge record shows no significant unnatural SLC over the period of operation although its
fluctuation exponent (« ~0.8) is close to that in Marseille (a ~0.7). This difference indicates a stronger
regional/local driver of SLC at Marseille.

In the North Sea, the relative sea level increase is observed at all tide gauges (Figure 2b), and it is significantly
larger than can be expected from the natural sea level variability. Although, there are no long-term Norwegian
records used in our analysis, it seems reasonable to suppose that the whole North Sea has a large
contribution of unnatural SLC. In the straits between the North Sea and the Baltic Sea (Hornbaek, Smogen,
Hirtshal, Frederikshavn, Aarhus, Fredericia, Korsor, and Slipshavn), we find homogeneous distribution of
a in range [0.6; 0.7] (Table 1).

The Baltic Sea is a semi-enclosed sea consisting of three well-defined sub-basins: The Bothnian Bay, the
Bothnian Sea, and the Baltic proper with the Gulf of Finland. In the extreme western part of the Baltic Sea, the
tide gauges of Travemunde, Wismar 2, Warnemunde 2, Gedser, and Swinoujscie show a in range [0.5; 0.6] and
strong significant unnatural SLC (Figure 2b). In this region, the MASLT represent more than 80% of the
observed sea level trends, except for Swinoujscie and Kobenhavn, where the MASLT represent 50% and 63%
of the observed sea level trend, respectively. The central region that includes the Bothnian Sea, the Finland
Gulf, and the proper Baltic Sea shows, in average, coherent Hurst exponents in the range [0.5; 0.6]. In

these regions, no significant change in SLC was found, except for the station of Kungsholmsfort. In the
Bothnian Bay, the tide-gauge records of Oulu, Ratan, and Vaasa show coherent Hurst exponents close to
0.6 and strong significant unnatural change of trends. The MASLT are 2.7 mm/yr at Oulu tide gauge, 0.9 mm/yr
at Ratan tide gauge, and 0.8 mm/yr at Vaasa tide gauge, or about 73%, 56%, and 57% of the observed sea
level trend, respectively.

The Mumbai tide gauge (Figure 2c), the unique more than a century long sea level record in the Indian
Ocean, presents a significant unnatural SLC (« ~0.6). The MASLT is 0.7 mm/yr and represents 64% of the
observed sea level trend. In this megacity, no significant subsidence caused by groundwater pumping,
oil/gas extraction from coastal reservoirs, or by sedimentary compaction in the Gulf of Cambay has yet
been demonstrated, and the unnatural sea level trend is probably induced by externally driven changes in
the Indian Ocean currents.

On the west side of Australia (Figure 2c), the tide-gauge record of Fremantle has a & ~0.8 and shows a strong
significant unnatural SLC. The MASLT is 0.9 mm/yr, or about 47% of the observed sea level trend. The
Fremantle tide gauge is located in the Perth Basin, where land subsidence has been reported in previous
studies [Belperio, 1993; Featherstone et al., 2012; Burgette et al., 2013]. In contrast to Fremantle, the Sydney
tide-gauge record from the eastern coast of Australia does not present statistically significant unnatural SLC
(0. ~0.9). In this site, there is no noticeable tectonic activity, and the coastal subsidence has a slow rate
[Murray-Wallace and Belperio, 1991].
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3.2. Global Mean Sea Level

GMSLRO6 displays a larger fluctuation exponent: « = 1.08 against a = 0.83 for GMSLR11 pointing to
nonstationary fluctuations in GMSLRO06 (as « > 1, Figure 1b). The observed difference is probably due to the
interannual and decadal variabilities that look to be more suppressed in GMSLR11 than in GMSLR06
(Figure 1a). Despite these differences, both GMSLR06 and GMSLR11 reveal a presence of a significant
unnatural SLC of at least 1 and 1.3 mm/yr, respectively. This MASLT in GMSLR is in line with the results of
Jevrejeva et al. [2009] who have modeled global sea level variations over the last 1000 years by using
different climate forcing mechanisms with constraints on the model predictions to be close to GMSCL06
over the last 200 years. They have concluded that the global mean sea level was largely driven by
anthropogenic factors, rapid increase of CO,, and other greenhouse gases, since 1850. According to the
IPCC AR5 [2013], it is very likely that there is a substantial contribution from anthropogenic forcing to the
GMSL rise since the 1970s due to the combination of ocean warming and mass loss of glaciers. Moreover,
Church et al. [2013] have recently analyzed the relative contribution of different processes to changes

in the rate of GMSL rise during the period 1900-2010 and found that not the whole 20th century sea level
rise is necessarily externally forced. They have concluded that the observed increased rate of GMSL rise
since 1990 is not a part of natural cycle but a direct response to the increased radiative forcing (both
anthropogenic and natural) of the climate system. Calafat and Chambers [2013] have quantified the
contribution of internal climate variability to the sea level for the period 1920-2011. They have found a
statistically significant acceleration over 1952-2011 that appears to be the result of increasing greenhouse
gas concentrations, along with changes in volcanic forcing and tropospheric aerosol loading. Therefore
on a global scale, all of the works mentioned above show the emergence of a detectable signal in GMSL
that can be attributed to anthropogenic influence.

4, Discussion and Conclusion

In this study, we were seeking to estimate the minimum rate of the anthropogenic sea level trend in the longest
tide-gauge records and in the GMSL reconstructions. The results presented above are based on two principal
hypotheses: First, we supposed that natural behavior of sea level consists of increases and decreases
occurring with frequencies following a power law distribution. Second, we assumed that the anthropogenic
contribution was very small in the past and is getting much stronger today. For simplicity, we approximated an
anthropogenic trend over the past 100-150 years by a linear function. Detection and estimation of the
minimum anthropogenic sea level trend were then reformulated as a statistical hypothesis testing problem
(details in Lennartz and Bunde [2012]): We tested the hypothesis that the natural sea level fluctuations,
modeled by long-term correlated time series with a Hurst exponent a > 0.5, are superimposed by an unknown
linear anthropogenic trend. A DFA2-based approach was applied to measure the Hurst exponent of GMSLR and
of 59 tide-gauge records to detect the presence of the external sea level trend. This analysis provides statistical
evidences that the observed SLC, at global and regional scales, is beyond its natural internal variability by
exceeding the 99% confidence intervals of the statistics of Lennartz and Bunde [2009]. A strong external
anthropogenic trend is at least 1 mm/yr in GMSLR that is more than half of the total observed sea level trend
during the XXth century. Moreover, a strong external anthropogenic trend is detected in some of the world’s
cities: it contributes to the observed sea level rise at least as much as 67% in New York and more than 50%
in Baltimore, San Diego, Galveston, Marseille, and Mumbai. The same goes along the south coast of the North
Sea: a strong external anthropogenic trend contributes to the observed sea level rise more than 50% from
Cuxhaven to Hoek Van Holland. In the extreme western part of the Baltic Sea a strong external anthropogenic
trend contributes to the observed sea level rise more than 80% in Wismar, Gedser, Warnemunde, and
Travemunde. Overall, the presence of significant anthropogenic trends was found in two thirds of the longest
century-scale sea level records. It is worthwhile noting that records with strong persistence may have a large
increase for natural reasons, but in this case we cannot exclude the presence of anthropogenic trends similar to
those observed at other stations, because the natural trend might be also negative.

The mathematical method we used can only distinguish between long-term correlations and trends, but not
the origin of trends. Thus, our analysis only reveals the minimum amount of (linear) trends, which cannot

be associated with power law long-range memory. On the other hand, the power law distribution of sea
level fluctuations does not exclude low frequencies, which can look similar to linear functions over the past
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100-150 years. Consequently, if the natural behavior on low frequencies is stronger than estimated by the long-
range memory model, then the outcome of our analysis must be corrected by this contribution. In other
words, if the natural persistence would result in a stronger linear increase during the investigated period,
the anthropogenic contribution would be lower, but if the natural trend would be negative, then the
anthropogenic contribution should be even stronger. If, instead, the natural correlations are weaker than
assumed by power law correlations, then also the anthropogenic contribution might be stronger. It means that
in the last two cases the anthropogenic contributions would increase, and thus our lower bounds are still valid.
It is only in the case of a strong natural (approximately linear) increase when our lower bounds need to be
corrected downwards, but we consider this case as unlikely.

To conclude, it would be important to emphasize that in this study we searched, first, for the lower bounds
of the anthropogenic trends assuming the natural origin of sea level fluctuations as a null hypothesis.

By definition, the estimates of MASLT presented above are drawn from probabilistic considerations.
Nevertheless, the high confidence level (99%) set in hypothesis testing ensures the reliability of the MASLT
estimates. Now, attention of future studies should be focused on the attribution part of the work: what
combination of external drivers is the most likely responsible for the observed local and regional sea level
changes? What are the external anthropogenic drivers that dominate the observed unnatural SLC?
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