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Abstract The sea level change is a crucial indicator of our
climate. The spatial sampling offered by satellite altimetry
and its continuity during the last 18 years are major assets to
provide an improved vision of the sea level changes. In this
paper, we analyze the University of Colorado database of
sea level time series to determine the trends for 18 large
ocean regions by means of the automatic trend extraction
approach in the framework of the singular spectrum analysis
technique. Our global sea level trend estimate of 3.19 mm/
year for the period from 1993 to 2010 is comparable with
the 3.20-mm/year sea level rise since 1993 calculated by
AVISO Altimetry. However, the trends from the different
ocean regions show dissimilar patterns. The major contribu-
tions to the global sea level rise during 1993-2010 are from
the Indian Ocean (3.78+0.08 mm/year).

Keywords Sea level - Time series - Automatic trend
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Introduction

Mean sea level change is a considerable interest variable in
the climate change studies. The measurement of changes in
sea level can provide an important corroboration of predic-
tions by climate models of global warming. For the past
century, global mean sea level rise has occurred at a mean
rate of 1.8 mm/year (Douglas 1997; Church and White
2006) and more recently, during the satellite era of sea level
measurement, at rates estimated near 2.8+0.4 mm/year
(Chambers et al. 2003) to 3.1+0.7 mm/year (Bindoff et al.
2007) (1993-2003). AVISO Altimetry (2011) estimated a
rate of 3.20 mm/year during the period 1993 to mid-2011.

This sea level rise is due significantly to global warming
(Bindoff et al. 2007), which will increase the sea level over
the coming century and longer periods (Meehl et al. 2007).
Increasing temperatures result in sea level rise by the ther-
mal expansion of water and through the addition of water to
the oceans from the melting of mountain glaciers, ice caps,
and ice sheets. At the end of the twentieth century, thermal
expansion and melting of land ice contributed roughly
equally to sea level rise, while thermal expansion is
expected to contribute more than half of the rise in the
upcoming century (Bindoff et al. 2007).

In 2007, the Intergovernmental Panel on Climate
Change's Fourth Assessment Report (AR4) predicted that
by 2100, global warming will lead to a sea level rise be-
tween 180 and 590 mm (IPCC 2007a), depending on which
of six possible world scenarios comes to pass and barring
rapid dynamical changes in ice flow (IPCC 2007b). More
recent research, which has observed rapid declines in ice
mass balance from both Greenland and Antarctica, finds that
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sea level rise by 2100 is likely to be at least twice as large as
that presented by IPCC AR4, with an upper limit of about
2 m (Allison et al. 2009). Based on the projected increases
in global sea level, the IPCC-TAR WG II report notes that
current and future climate change would be expected to
have a number of impacts, particularly on coastal systems
(IPCC 2001).

Although the global trend indicates a rise in the mean
level of the oceans, there are marked regional differences
that vary between —10 and 10 mm/year (AVISO Altimetry
2011). There are several “suspects” which may be respon-
sible for the nonuniformity in regional trends: regional
changes in thermal expansion, water mass adding to the
oceans, and melting of continental ice which leads to the
significant geographic variations in the sea level change
(Jevrejeva et al. 2006).

In this paper, we analyze 18 monthly sea level time series
from satellite altimeters to determine the variability of dif-
ferent large ocean regions using an automatic approach of
trend extraction within the framework of the singular spec-
trum analysis (SSA) technique. The used approach has been
first proposed in Alexandrov and Golyandina (2005) and
was studied in detail in the author's unpublished Ph.D. thesis
(Alexandrov 2006) available only in Russian in AutoSSA
(2005). This method is easy to use, facilitates the batch
processing, does not need specification of models of time
series and trend, and allows to extract trend in the presence
of oscillations and noise.

The remainder of the paper is organized as follows.
“Altimetry data used” introduces the geometric principle
of altimetry and describes the altimetry time series datasets
used in this study. The SSA method, briefly explained in
“Methodology,” is a data-adaptive tool allowing signal

Fig. 1 Map of the sea regions _
IGulf of Alaska

decomposition and a precise quantification of trend, low-
frequency components, and seasonal cycles. Furthermore,
the related method used for automatic trend extraction is
elucidated in this section. Following this description, the
results are presented in “Empirical analysis.” Finally, the
conclusions are provided.

Altimetry data used

Radar altimeters permanently transmit signals to Earth
and receive the reflected echo from the sea surface.
The satellite orbit has to be accurately tracked, and its
position is determined relative to a reference surface (an
ellipsoid). The sea surface height (SSH) is calculated by
subtracting the measured distance between the satellite—
sea surface from the precise orbit of the satellite. The sea
surface height anomalies (SSHA), defined as variations
of the SSH with respect to a priori mean sea surface, are
generally used as a precious and main indicator for
development of scientific applications which aims to
study the ocean variability (mesoscale circulation, seasonal
variation, El Nifio,...).

In our research, we investigate 18 SSHA times series
from TOPEX, Jason-1, and Jason-2 altimeters. These time
series are defined as the area averaged of SSHA at different
scales: global scale, Atlantic Ocean, Indian Ocean, Pacific
Ocean and Adriatic Sea, Andaman Sea, Arabian Sea, Bay of
Bengal, Bering Sea, Caribbean Sea, Gulf of Alaska, Gulf of
Mexico, Indonesian Throughflow, Mediterranean Sea, Sea
of Japan/East Sea, South China Sea, Yellow Sea, and
Maldives. Figure 1 (from the University of Colorado)
shows the localization of the sea regions.
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These data sets were obtained from the University of
Colorado at Boulder and are available under the KNMI
Climate Explorer website (KNMI Climate Explorer 2012).
These datasets cover the period from January 1993 to the
end of 2010, with a sampling rate of 1 month. The main
input data for these time series processing are the Geophys-
ical Data Records produced by NASA and CNES (TOPEX,
Jason-1, Jason-2), which are therefore of the highest quality,
notably in orbit determination. All of the standard correc-
tions to the altimeter range were applied to the SSH includ-
ing removal of ocean tides and an inverted barometer
correction. Table 1 describes the parameters and corrections
used by the University of Colorado in the computing of sea
level time series.

Methodology
The SSA technique decomposes the original time series into

a sum of a small number of interpretable components such
as slowly varying trend, oscillatory components, and noise.

Table 1 Altimetry data processing parameters and corrections

The basic SSA method consists of two complementary
stages: decomposition and reconstruction; each stage
includes two separate steps. At the first stage, we decom-
pose the series, and at the second stage, we reconstruct the
noise free series (for more information, see Golyandina et al.
2001 and Hassani 2010). Furthermore, several book chap-
ters, papers, and software about the SSA technique are
available in SSAwiki (2012). Note that the possible appli-
cation areas of the SSA technique are diverse: from mathe-
matics and physics to economics and financial mathematics,
from meteorology and oceanology to social sciences and
market research. For a variety of applications of SSA, see
Hassani (2007, 2009, 2010), Hassani and Thomakos (2010),
Hassani and Zhigljavsky (2009), Hassani et al. (2009a, b;
2010a, b; 2011), Ghodsi et al. (2009, 2010), and Patterson et
al. (2011) and references therein.

Within the framework of SSA, the trend is defined as a
smooth component containing information about time series
global change. A simple approach to trend extraction in SSA
is to reconstruct a trend from several first SVD components
(by visual examination of singular values and vectors).

Parameter TOPEX Jason-1 Jason-2

Time period Dec. 6, 1992, to Jan. 10, 2002 Jan. 15, 2002, to July 2, 2008 July 3, 2008, to present
Cycles 8-343 1-239 l—current

Base data set MGDR-B GDR-C GDR-T

Orbit STD0905 (Lemoine et al. 2010)

Range and corrections

Waveform tracker GDR

Dry troposphere GDR (from ECMWF)

Wet troposphere TMR (Replacement Product v.1.0) GDR-C (cycles 1-227); IMR AMR (GDR)

Ionosphere GDR

Sea state bias

Center of gravity MGDR-B
Mean sea surface and

corrections
Mean sea surface CLSO01

Ocean tide and loading tide
Solid earth tide

GOTA4.7 (Ray 1999)

replacement product (cycles
228-259)

CLS collinear v. 2009 (Tran et al. 2010)

N/A

GDR (Cartwright and Tayler 1971; Cartwright and Edden 1973)

AVISO Dynamic Atmosphere Correction (DAC) that combines MOG2D high-frequency and inverted barometer

Pole tide GDR (Wahr 1985)
Atmospheric pressure (inverted
barometer) low-frequency signals (Pascual et al. 2008)

Glacial Isostatic Adjustment
(GIA)

Processing corrections

Inter-mission bias 88.48 mm (TOPEX to Jason-1)

120 m

Anomaly greater than 2 m

Minimum ocean depth

Outlier removal

—0.3 mm/year (Peltier 2001, 2002, 2009; Peltier and Luthcke 2009)

58.52 mm (Jason-1 to Jason-2)
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However, this approach fails when the values of a trend are
small enough as compared with other components (oscilla-
tions and noise), or when a trend has a complicated structure
and is characterized by many (not only by the first ones)
SVD components (Alexandrov et al. 2008). Here, we pres-
ent the used approach for automatic identification of slowly
varying eigenvectors (trend). Although the basic compo-
nents of this method are reviewed here, readers are referred
to Alexandrov (2009) for more details.

Let us consider the periodogram Iy(w) of a vector Y

S RM, Y = (yo,...,yM_l)TI

Iy(k/M) _ (1/M)‘ZM71 e*[Znnk/M;.” 27 (1)

n=0

k=0,...|M/2)

which can be interpreted as the contribution of the frequency
k/M. The cumulative contribution is evaluated as:

ny (o) = Zk:ogk o L (k/M), 0 €10,0.5] (2)

For wy<(0, 0.5), the contribution of low frequencies to
Y € RM is defined as:

C(Y, o) = ny(ao)/ny(0.5) (3)

Let us consider eigenvectors U;. Then, given wy< (0, 0.5)
and Cy<[0, 1], we select SVD components with eigenvec-
tors satisfying C(U;,@p) > Co. One may interpret this
method as a selection of SVD components characterized
mostly by low-frequency fluctuations.

The low-frequency boundary w, manages the scale of the
extracted trend; the lower wy is, the slower the trend varies.
The parameter C, regulates an acceptable share of higher
frequencies in the extracted component and is selected as
summarized below.

Let us have a time series ' and denote its trend extracted
with the method with parameters wy, Cy as T(wo, Cp). The
normalized contribution of low-frequency oscillations in the
residual F—T(wq, Cp) is defined as (Alexandrov 2009):

RF,wo(CO) = C(F — T((Oo, C()),CU())C(F, a)())_l (4)

The elementary reconstructed components corresponding
to a trend have large contribution of low frequencies. Thus,
the maximum values of C, which lead to selection of trend-
corresponding SVD components should generate jumps of
R r ., (Co). Exploiting this idea, the choice of Cy follows this
criterion:

CF =min{Cy € [0,1] : Rp0,(Co + AC) — Rra,(Co) > AR}
(5)

where AC is a search step and AR is the given threshold.
The step AC is to be chosen as small as possible to discrim-
inate identifications occurring at different values of Cy. We

@ Springer

commonly take AC > 0.01 to reduce computational time
and 0.05 < AR <0.1.

Empirical analysis

The single parameter of the embedding stage is the window
length L. Selection of the proper window length depends
on the studied problem and on the preliminary information
on the time series. Nonetheless, theoretical results tell us
that L should be large enough but not greater than N/2
(Golyandina et al. 2001). Furthermore, if we know that the
time series may have a periodic component with an integer
period (for example, if this component is a seasonal com-
ponent), then to get better separability of this periodic
component, it is advisable to take the window length
proportional to that period (Hassani 2010). In our case,
all sea level time series have the same length: N=216, they
contain monthly data, and each time series has evident
annual seasonal component (7=12). So, using the lasts
recommendations, we have selected the SSA window
length L = N/2 = 108.

As described in Alexandrov (2009), in order to include the
seasonal component in the trend, we selectwy = 0.08 < 1/T.
The search for Cy was performed in the interval
[Comin = 0.5, Comax = 1]. The AC is to be chosen as small
as possible to discriminate identifications occurring at differ-
ent values of Cy. To reduce computational time, we take a
default value of C = 0.01 with a threshold of AR = 0.05. The
first L/2=>54 eigentriples will be examined to search the trend
components.

Using these parameters, we analyze separately each sea
level time series to determine its trend. Here, we present first
in detail the results of global sea level time series analysis,
and then, a summary is given for all sea level time series
analysis.

Note that the calculations were made in Matlab using the
software package AutoSSA of Dr. Theodore Alexandrov,
Center for Industrial Mathematics of the University of Bre-
men, available in AutoSSA (2005). This program presents a
collection of parametric methods for solution of trend/peri-
odic components extraction and signal forecasting.

Global sea level time series analysis

Based on this window length and on the SVD of the trajec-
tory matrix (108x108), we have 108 eigentriples for each
time series. Fig. 2 presents the plot of logarithms of the 108
singular values obtained from SVD of the global sea level
time series.

The first L/2=54 eigentriples are examined to search
the trend components. From Fig. 3, the values of
Rr.w,(Co + AC) — Rp o, (Co) used for the choice of C
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Fig. 2 Logarithms of the 108 754

eigenvalues
6.25

443

260

Log Eigenvalue

078

-1.04

resulted in a value CJ¥ = 0.94. The eigenvectors satisfying
C(Uj,w9) > Cpare: 1,2,10, 11, 12, 13, 14, 15, and 17.

Figure 4 presents the trend eigenvectors (1, 2, 10, 11, 12,
13, 14, 15, and 17) ordered by their contribution in the SVD.
The selected eigenvectors present slow variations, confirm-
ing that it represents only the trend components (no seasonal
components). The contribution of the trend eigenvectors in
the original series in percent are: 1 (86.600 %), 2 (7.827 %),
10 (0.134 %), 11 (0.083 %), 12 (0.073 %), 13 (0.065 %), 14
(0.053 %), 15(0.053 %), and 17(0.040 %). Thus, the trend
represents 94.928 % of the original global sea level time
series.

The reconstruction of the global sea level trend is done in
Fig. 5 from these eigenvectors. It can be seen from Fig. 5a
that the global sea level trend is subject to significant rise,
from —18 to 35 mm during the period 1993-2010. The
reconstructed trend of global sea level change clearly fol-
lows the main tendency in the original global time series.
Applying a least squares linear regression analysis to the
extracted global sea level trend gives a rate of 3.19+
0.03 mm/year between 1993 and 2010. This obtained rate
agrees with the recent study of AVISO Altimetry (2011),
which suggested a rate of sea level rise of 3.20 mm/year

21 31 4 51 m

Eigenvalue number

61 81 91 101

over 1993 to mid-2011. Figure 5b presents the residuals as
differences between the original global sea level time series
and the extracted trend. The amplitude of the residual signal
is about 15 cm. These residuals represent mainly the exist-
ing seasonal components in the global sea level time series
(Haddad et al. 2011a).

Summary of trend extraction results

Table 2 gives the summary of obtained trend extraction
results for the 18 sea level time series. The columns of this
table indicate: sea level region, estimated low-frequency
threshold C, identified trend eigentriples, contribution of
the trend in the original time series in percentage, trend
rate, and their standard error in millimeters per year. Note
that the trend rate for each time series is estimated for the
period from the beginning of 1993 to the end of 2010 by
least squares linear regression of the related extracted
trend.

By comparing the contribution of obtained trends for the
different seas (Table 2), the Mediterranean Sea presents the
lowest trend contribution value (2.249%). The Mediterra-
nean Sea case presents the performance and the advantage

Fig. 3 Eigenvectors satisfying oisF I I I T T T T T T ]
C E‘Uﬂ wo) > C 21 = & R-measure, Cmax: 4(0.94)=0.05
0.4 H — R-measure delta threshold=0.05 -
02 =1
AT
D ’ e - 1 . i i ’ e e e ) ——
05 055 06 085 07 075 08 0es 09 095

I ‘/alues of C for each ET
CO=Cmax-CE=0.94
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Fig. 4 Trend eigenvector graphs and their contributions

of the use of automatic trend extraction approach when the
trend contribution is small enough as compared with other
components. In fact, the Mediterranean Sea variability is
more known for its strong annual frequency signal which
represents about 72.38 % of the total variability (or original
sea level time series), while its amplitude is about 144 mm
(Haddad et al. 2011b).

Figure 6 presents the original 18 sea level time series and
their extracted trends (in millimeters): from the top to the
bottom and from the left to the right: global sea level,
Atlantic Ocean, Indian Ocean, Pacific Ocean, Adriatic Sea,
Andaman Sea, Arabian Sea, Bay of Bengal, Bering Sea,
Caribbean Sea, Gulf of Alaska, Gulf of Mexico, Indonesian
Throughflow, Mediterranean Sea, Sea of Japan/East Sea,
South China Sea, Yellow Sea, and Maldives.
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Conclusions

In this paper, an approach of automatic trend extraction
using singular spectrum analysis has been used to extract
trends of 18 sea level time series from TOPEX, Jason-1, and
Jason-2 altimeters that extend back to 1993. The global sea
level time series analysis indicates that the global mean sea
level is characterized by its strong trend, which represents
about 95 % of the original sea level signal. Applying a least
squares linear regression analysis to the global sea level
trend gives a rate of 3.194+0.03 mm/year between 1993
and 2010.

Although the global trend indicates a rise in the mean
sea level, our results show that sea level trends of
oceans are nonuniform: the Atlantic Ocean, Indian



Arab J Geosci (2013) 6:4575-4584

4581

Global sea level (in mm)

Fig. 5 Global sea level time a
series analysis. a Original
global sea level time series 50

(blue line) and the extracted
trend (red line) with L=108,

Original

AC =0.01, AR = 0.05, and
wp=0.08. b Residuals
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Ocean and Pacific Ocean exhibit a rate of 2.46+0.05,
3.78+0.08, and 2.57+0.07 mm/year, respectively. Also,
the results show that the level behavior of seas is far
from uniform. As an extremity, while in Indonesian

Table 2 Trend extraction results for the all sea level time series

Throughflow, the sea level has indeed risen during
the period 1993-2010 by up to 6.78+0.62 mm/year,
the level of the Bering Sea has fallen with a rate of
—0.94+0.32 mm/year.

Sea level region

Cy Trend eigentriples

Trend eigentriples

Trend rate period: 1993-2010

contribution (%) (mm/year)
Global sea level-66N:66N, 30E:390E 0.94 1-2, 10-15, 17 94,928 3.19+0.03
Atlantic Ocean coordinates: ON, —28E 0.69 1,4,7-10, 13-14, 17 61.174 2.46+0.05
Indian Ocean coordinates: —15N, 80E 0.94 1,4-8, 10-11 79.404 3.78+0.08
Pacific Ocean coordinates: ON, —160E 0.95 1-2, 5-10, 14 87.899 2.57+0.07
Adriatic Sea coordinates: 43N, 15E 0.79 3-4, 7-8, 14-15 22.893 3.83+0.20
Andaman Sea coordinates: 10N, 96E 0.92 5-13, 15 24.761 3.52+0.38
Arabian Sea coordinates: 20N, 38E 0.95 34, 7-12, 15 22.594 2.75+0.20
Bay of Bengal coordinates: 14N, 87E 0.55 3-7, 10-14, 19, 28 39.907 1.59+0.24
Bering Sea coordinates: 58N, 180E 0.64 1-2, 5-6, 11-14 73.804 —0.94+0.32
Caribbean Sea coordinates: 15N, —75E 0.89 3-9,12-14,19 34.771 1.46+0.22
Gulf of Alaska coordinates: 45N, —150E 0.95 3-4,7-11 11.378 2.04+0.09
Gulf of Mexico coordinates: 25N, —90E 0.96 3-8, 18 22.308 2.33+0.17
Indonesian Throughflow coordinates: —5N, 125E  0.85 1-3, 6-14, 18-19 78.198 6.78+0.62
Mediterranean Sea coordinates: 35N, 18E 0.59 5-6, 27 2.249 1.95+0.12
Sea of Japan/East Sea coordinates: 46N, 141E 0.95 3-8,14 14.497 3.23+0.20
South China Sea coordinates: 14N, 114E 0.95 1,4-7, 10-14, 19 66.440 5.42+0.29
Yellow Sea coordinates: 31N, 125E 0.97 34 17.825 3.94+0.12
Maldives coordinates: 4.1N, 73.5E 0.93 3-4,7,13 18.423 2.62+0.17
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Fig. 6 Original sea level time series (blue line) and extracted trend (red line)
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