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Abstract

Global sea-level rise induced by global warming has been growing in importance as a research topic in the past few decades. The Fifth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) has strongly emphasized a visually certain trend in the
sea-level rise in the past two centuries. Many studies have addressed the trend in sea-level records, both in global and regional scale,
as studying the trend renders it possible to make future predictions. The latest study of World Climate Research Programme Global
Sea Level Budget Group determined the global sea-level rise between 1993-2018 as 3.1 mm/year. The Aegean as a regional sea is
chosen for this study to compare if there are any similarities between the global tendency and the regional using tide gauge records of
monthly mean sea-levels in selected 6 stations. The data used in this study were obtained from the Permanent Service for Mean Sea
Level (PSMSL), which is an organization that collects and publishes tide gauge records from across the world. The gaps in the raw
tide gauge data were imputed by Kalman filtering, the time series were decomposed by using STL decomposition and the loess
smoothed trend lines were obtained. The data ranges of time series were divided into 2 segments (from 1969 to 1995 and from 1995 to
the end date) and linear trends for each segment were determined as well as the whole duration for each station. Mann-Kendall, Cox-
Stuart, and Spearman’s Rho tests were applied on the datasets to detect statistically significant trends. The sea-level trends varied for
each station and depending on the segment taken into consideration. 2 negative and 2 positive trends were obtained for the first segment.
Positive trends changing from 1.6 mm/year to 7.5 mm/year with an average of 3.7 mm/year were determined for the second segment’s

results of all stations.

Keywords: Sea-level rise, trend analysis, STL decomposition, Aegean Sea

Introduction

The global warming and related atmospheric and climatic
changes have been gaining increasing importance among
the most urgent issues the world has to confront. Global
sea-level rise is an internationally acknowledged topic
bound to global warming and has been addressed not only
by academics but also by governments because of its
direct impact on coastal populations.

According to the study of World Climate Research
Programme (WCRP) Global Sea Level Budget Group
(2018), the global sea-level rise between the years 1993
and 2018 were determined as 3.1 mm/year (0.3 mm).
Earlier, the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC)
declared that a global sea-level rise in the past 2 centuries
was visually certain (IPCC, 2014; Foster and Brown,
2014). The lower and upper boundaries of predicted
global sea-level rise by the year 2100 according to IPCC’s
report is between 0.28 m and 0.98 m. The lower boundary
comes from the extension of the linear regression for the
20" century sea-levels; whereas, the upper boundary is
calculated under the presence of a positive acceleration
towards the future (Haigh, et al., 2014; Gazioglu, 2018).

In a sea-level time series record, the trend component is
regarded as to represent well the climate behavior because

of being a low frequency signal (Visser, et al., 2015).
Therefore, trend has been a topic of major interest by
researchers for decades in studies relating global warming
and sea-level rise (Woodworth, 1990; Douglas 1992;
Alpar et al., 1997; Holgate and Woodworth, 2004; Church
and White, 2006; Jevrejeva et al., 2006; Marcos and
Tsimplis, 2007; Church et al., 2008; Gazioglu et al., 2010;
Simav et al., 2013; Dangendorf et al., 2015; Piecuch et al.,
2019; Orlic et al., 2019; Celik and Gazioglu, 2020; Meli
et al., 2021; Gehrels and Garrett, 2021).

However, the regional sea-level records can be different
than the global tendency because freshwater input
becomes more pronounced in estuary-like systems such as
the Mediterranean and the Black Sea (Talley, et al., 2011)
or because of the faster rate of heating and salinification,
affecting the steric sea-level. In contrary to the global
positive trend, the study by Tsimplis et al. (2011)
combining steric sea-level for the period 1945-2002, and
an atmospheric forcing model for the period 1958-2001
yielded negative trends across the Mediterranean Sea.
Their results for the Eastern Mediterranean Basin were
between -0.9 mm/year and 0 mm/year for the steric sea-
level; and between -0.62 mm/year and -0.70 mm/year for
the atmospheric forcing model. The same study reports
the observed rate of sea-level rise in the past century prior
to its publication date as 1.2 mm/year, which shows the
importance of time span of the trend calculation. The
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study of Cazenave, et. al. (2002) proves the importance of
time span under scope by calculating a satellite altimetry-
based trend of approximately 12.9 mm/year for the period
of 1993-1998 in the Aegean Sea; whereas, tide gauge data
of the past 2 decades revealed an approximately 0.62
mm/year trend in the same study. Fenoglio-Marc et. al.
(2012) explained that the period of quick sea-level rise
observed in the 90s was induced by both steric and mass
components of the sea-level, which lost its rate of increase

in the subsequent decade because of decreasing steric sea-
level. Based on the model study of Criado-Aldeanueva,
et. al. (2008), 55% of the total sea-level trend in the
Mediterranean is of steric origin, while the remaining
accounts for the mass-induced component. Mediterranean
and Aegean sea-levels have been investigated in several
other studies in different temporal scales, a list of which
are presented in Table 1.

Table 1 Other sea-level trend studies in the Mediterranean and Aegean Seas

Study Geographical coverage Method Time span  Trend (mm/year)

Chios 4.2
. Syros Linear regression of -112
Flemming and Woodworth (1988) Leros tide gauge data 1969-1983 0.9
Souda -5.5

. . : 1993-1999 1.6

Vigo, et. al. (2005) Aegean Sea Satellite altimetry

1999-2003 -0.6

Criado-Aldeanueva, et. al. (2008) Mediterranean Sea Satellite altimetry 1992-2005 2.1
Satellite altimetry ~ 1993-2002 &

Fenoglio-Mare, et. al. (2012) Mediterranean Sea combined with 2002-2008 0.8*
numerical model 1993-2008 20

*trend is not statistically significant

Except for the 4-year trend of -0.6 mm/year reported by
Vigo, et. al. (2005), all of the post 1990s trends
demonstrate positive signs. Moreover, the study of
Galassi and Spada (2014) has projected the future sea-
level situation by 2040-2050 relative to 1990-2000 in the
Mediterranean. Their result for the Aegean Sea suggests
an increase between a minimum of 14 cm to 27.5 cm
maximum.

The local sea-levels are monitored by countries via tide
gauge stations and are collected and distributed by
Permanent Service for Mean Sea Level (PSMSL, 2021).
More information on the service and coverage of PSMSL
can be found in Woodworth and Player (2003). The
purpose of this study is to analyze the Aegean tide gauge
records covered in PSMSL in order to examine whether
or not the records are following a rising trend in parallel
to the recently reported global sea-level.

Materials and Methods

The monthly mean sea-level (MMSL) tide gauge data
were obtained from PSMSL web service (PSMSL, 2021;
Holgate, et. al, 2013) for the selected locations from
Greece (Table 2). These datasets are adjusted by PSMSL
by reducing the monthly means measured in each station
to a common datum and therefore forming the so-called
“Revised Local Reference” (RLR) datasets. The RLR
datum at each station in PSMSL database is defined to be
7000 mm below mean sea level, which was chosen to
avoid negative numbers in the resulting RLR monthly

mean values. The data does not involve adjustments due
to glacial isostatic adjustment (GIA). Tamisiea and
Mitrovica (2011) calculated the sea-level changes in the
Aegean based on GIA to be between 0.15 —0.40 mm/year
by using PSMSL’s same tide gauge stations as in this
study. The contribution of GIA is minor in comparison to
that of mass and steric sea-level contributions (Galassi &
Spada, 2014).

Table 2 Selected tide gauge stations in the Aegean Sea

S Da(t;e;?;lge Data co(r&p)leteness

Alexandrou 4459 519 89
poli

Thessaloniki 1969 - 2019 89
Leros 1969 — 2019 83
Syros 1969 — 2019 86
Souda 1969 — 2012 96
Chios 1969 — 2015 85

The raw data were analyzed using R Statistical Language
and Environment (R Core Team, 2021). The gaps in the
time series data were imputed by using a Kalman filtering
application developed by Moritz and Bartz-Beielstein
(2017). The completed time series plots of the selected
stations are presented in Figure 1. The time series data
were then decomposed to trend, seasonal, random
components by using the R function “stl” based on
Cleveland et.al. (1990).
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Fig. 1 Time series plots of MMSL data in the Aegean Sea

A reference period of 20 years (1974-1994) was selected
to calculate the monthly mean values to be used as a
baseline for calculating sea-level anomalies for each
station (Table 3). It is highly recommendable to apply
trend detection procedures before  computing
deterministic trends and corresponding slope coefficients
(Fatichi, et al., 2009). Presence of trends were sought in
the anomaly datasets for the full duration of the
observations, as well as segmented sets dividing the time
series into 2 level periods (first segment covers the years
between 1969 and 1995, and the second covers the rest of
the time series).

Detection of trends in hydrometeorological and sea-level
data are commonly performed using Cox — Stuart (C-S)
(Niedzielski and Kosek, 2011; Cox and Stuart, 1955),
Mann — Kendall (M-K) (Feist, et. al., 2021; Hipel and
McLeod, 1994), and Spearman’s Rho (S) (Hipel and
McLeod, 1994; Spearman, 1904) tests. For this study,
these non-parametric tests were selected to avoid
dependency to the distribution of data. In the case of
detection of trends, linear regression models by least
squares method (Wilks, 2011) were fitted to the anomalies
data separately for each temporal segment, as well as the
complete duration of observations. The loess trend

obtained from the STL decomposition were also plotted
along with the deterministic linear trends.

Results

C-S, M-K, and S tests were applied with a significance
level at p-value <0.05. According to the results presented
in Table 4, Alexandroupoli and Thessaloniki stations do
not show a significant trend in the first segment of their
time series (p-value>0.05). However, for the second
segments and the complete duration, statistically
significant trends are detected by all 3 test methods
applied. Syros and Souda are represented by negative
trends in the first segment as indicated by negative Z and
Rho values of their respective M-K and S tests results;
whereas, Leros and Chios are represented by positive
trends.

Examination of the second temporal segments reveal
significant positive trends in all of the tide gauge stations
but Syros. In Syros station, C-S test p-value (0.11) causes
the acceptance of null hypothesis, which is the rejection
of a monotonic trend in the dataset. Nevertheless, both M-
K and S test results suggest the presence of a positive
trend.
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Table 3 Monthly mean sea-levels (mm) calculated for the baseline period of 1974-1994

Month Alexandroupoli Thessaloniki Leros Syros Souda Chios
January 6985.76 6901.33 7026.35 6947.08 6976.83 6882.57
February 6984.47 6899.27 7028.13 6949.22 6985.33 6878.95

March 6965.21 6859.20 6996.22 6911.64 6962.20 6852.82

April 7026.03 6922.62 6991.35 6951.95 7007.69 6876.73

May 7032.25 6931.14 7016.52 6968.49 7010.92 6886.54
June 7048.76 6973.32 7027.03 7018.72 7045.33 6907.23
July 7041.83 6972.31 7049.82 7063.75 7075.33 6908.71
August 7036.63 6986.53 7068.82 7072.13 7094.86 6920.83
September 7023.69 6984.90 7046.49 7046.71 7089.07 6899.20
October 7033.57 6977.82 7039.24 7033.28 7096.00 6901.46
November 7044.15 6970.05 7036.59 6997.03 7079.56 6894.02
December 7053.04 6973.76 7055.36 6991.49 7081.28 6907.01
Table 4 Time series trend test results of 6 tide gauge stations
Mann-Kendall Cox-Stuart Spearman’s Rho
Data Set
Z p-value Tau T p-value  Rho p-value
Complete series 8.55 <10 0.23 7.14 <1013 0.33 <1016
Alexandroupoli 1st segment -1.11 0.27 0.04 0.78 0.43 -0.06 0.26
2nd segment 3.63 <0.0005 0.14 2.8 0.005 0.20 <0.0005
Complete series 1467 <10 0.4 9.69 <101 0.57 <1071
Thessaloniki 1st segment 0.5 0.62 0.02 0.98 0.33 0.02 0.71
2nd segment 6.53 <1010 0.25 3.44 0.0005 0.36 <1070
Complete series 8.90 <101 0.24 5.83 <108 0.36 <101
Leros 1st segment 3.7 0.0002 0.14 3.25 0.001 0.22 0.0001
2nd segment 3.6 0.0003 0.14 2 0.045 0.19 0.0008
Complete series -5.72 <107 -0.15 7.14 <10%? -0.23  <10°
Syros 1st segment -8.83 <10 -0.34 4.9 <10 -0.48 <10?®
2nd segment 4.42 <10° 0.17 1.6 0.11 0.25 <10*
Complete series 2.16 0.03 0.06 1.83 0.07 0.09 0.036
Souda 1st segment -4.47  <10° -0.17 431 <10+ -0.24 <10*
2nd segment 5.96 <10-8 0.28 3.39 0.0007 0.41 <10-8
Complete series 14.84 <10 0.42 11.04 <10 0.61 <10?®
Chios 1st segment 3.46 0.0005 0.13 2.74 0.006 0.22 <10+
2nd segment 5.23 <10 0.22 3.62 0.0002 0.33 <10

A similar situation is accountable for the complete series
at Souda station, where C-S test p-value (0.07) suggests
rejecting an overall trend; whereas, the results of M-K and
S tests both point out the presence of a positive trend.
Syros station’s complete time series yielded a negative
trend detectable by M-K and S tests, with a statistical
significance (p-value<0.05) for all of the 3 methods
applied. All of the other stations demonstrate statistically
significant positive trends in the complete temporal scales
of their respective time series.

The anomalies of the loess trend component reveal
differing information about the sea-level variations in the
Aegean Sea per tide gauge station. The loess trend
components of Syros and Souda appear to have lower
levels in the end of their time series in comparison to the

levels of their starting dates. The other 4 stations reveal
increases in various magnitudes (Figure 2).

The sea-level trends of each station are separately
examined in Figure 3. The anomalies of complete time
series are represented in blue lines, loess smoothings are
in purple, the deterministic linear trends covering the
complete time periods are in black, and the segmented 20—
25-year periodic linear trend lines are represented in
brown and green colors respectively. Examination of
segmented results separately reveal that in the first
segment deterministic linear trend is negative for Syros (-
7.5 mm/year) and Souda (-3.7 mm/year) and positive for
Leros (1.6 mm/year) and Chios (1.7 mm/year). The trends
calculated for Alexandroupoli and Thessaloniki are not
statistically significant.
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Fig. 2 Sea-level anomalies of STL decomposed trend components

Only in Leros and Chios stations both segments have
positive deterministic trends. The trends for each segment
in Leros station have the same slope, therefore being equal
to the complete time period’s deterministic trend (1.6
mm/year). The second segment for all the tide gauge
stations have positive trends with different slopes each. In
Alexandroupoli the slope is 2 mm/year, in Thessaloniki
4.5 mml/year, in Leros 1.6 mm/year, in Syros 3.1
mm/year, in Souda 7.5 mm/year, and in Chios 3.5
mm/year. Examination of the complete time periods yield
positive trends for all stations but Syros. According to the
overall trend line slopes covering the complete time
series, the sea-level anomalies of Alexandroupoli is
increasing with a rate of 1.8 mm/year, Thessaloniki is
increasing by 3.9 mm/year, Leros is increasing by 1.6
mm/year, Syros is decreasing by 1.9 mm/year, Souda is
increasing by 0.58 mm/year and Chios is increasing by 3.8
mm/year.

Discussion and Conclusion

The plots of time series anomalies, overlapped with
deterministic linear trends and loess smoothing expose
well the complexity of sea-level variations. Clearly, the
loess smoothing in each plot uncovers periods of rises and
falls in the sea-levels with a high degree of randomness
and no obvious patterns except for the common minima
observed in 1989-1990 (Alexandroupoli, Thessaloniki,
Leros and Chios) and 1992-1993 (Syros and Souda).

The period before 90s, namely between 1960 and 1990, is
marked as a period of positive NAO index, which is
related to the sea-level decrease in that time span in the
Mediterranean (Vigo, et. al., 2005; Tsimplis and Josey,
2001). The negative trends calculated by Flemming and
Woodworth (1988) match with the Syros and Souda first
temporal segment negative trends we calculated in this
study. However, they explained the trends they calculated
to be dominated by vertical land movements, rather than
the steric sea-level component.

The increasing trends observed after the minima of early
90s are most likely related to the shift in the North Atlantic
Oscillation (NAO) index which took place in that time
(Mariotti, et. al. 2002) and partly related to the phenomena
called Eastern Mediterranean Transient (EMT) induced
by this shift (Lascaratos, et. al., 1999). In summary, the
cooling until the NAO index shift and the salinity increase
caused by the EMT afterwards, which carries the more
saline Levantine waters into the Aegean, together caused
the steric sea-level component to decrease until early 90s.
The increasing sea-levels afterwards are primarily related
to the increasing temperatures as thermosteric component
is dominant over halosteric component in the
Mediterranean (Criado-Aldeanueva, et. al., 2008).

The deterministic linear trends results yielded different

magnitudes of sea-level rise or falls, depending on
location and the time period taken into consideration (i.e.
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Souda anomalies have a decreasing trend in the first
segment but increasing in the overall). This, in fact, puts
into question the objectivity of deterministic methods in
time series analysis as it clearly depends on the time frame
chosen to investigate the trend of a time series data as
demonstrated by the earlier studies presented in Table 1.

Statistically significant positive trends are detected for the
second temporal segments in all of the tide gauge stations
analyzed. This is most likely to be related to the increasing
sea surface temperatures (SST) induced by the negative
NAO index as the high correlation between SST and sea-
level anomalies were revealed first by Cazenave, et. al.
(2002) and then by Vigo, et. al. (2005).

Alexandroupoli Station

y= 35004 18

Sea Level Anomaly (mm)

Sea Level Anomaly (mm)

Thessaloniki Station

¥=-7800+39x

Leros Station

‘Sea Level Anomaly (mm)

Sea Level Anomaly (mm)

Syros Station

Souda Station

Sea Level Anomaly (mm)

Sea Level Anomaly (mm)

Chios Station

Date

Fig. 3 Segmented and full-scale deterministic trends in each tide gauge station

The World Climate Research Programme (WCRP) Global
Sea Level Budget Group’s (2018) study results cover the
global sea-level rise from 1993 to 2018, which is
consistent with the second segment trend calculations in
this study (1995-2019). The aforementioned study
determined a global sea-level rise rate of 3.1 mm/year.
The findings of this study in the second segment change
from 1.6 mm/year (Leros island) to 7.5 mm/year (Souda
in Crete island); while the average of all 6 stations equals
to 1.6 mm/year in the Aegean Sea.

It can be concluded that the results show similarity for the
selected time period. However, as demonstrated by the
first segment trend results in this study, the sea-level
dynamics of regional seas can as well show behaviors in
the opposite direction of the global trend.
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