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ARTICLE INFO ABSTRACT

Editor: Dr. Alan Haywood To investigate how coastal sea level evolves at interannual time scales from one region to another, we perform an
Empirical Orthogonal Function (EOF) decomposition of coastal sea level time series derived from reprocessed
coastal altimetry data over a 20-year long time span (2002—2021), at 1132 virtual coastal stations homoge-
neously distributed along the world coastlines. This analysis is first performed globally and then over selected
coastal regions. Consistent with previous studies, the results show the dominant influence of internal climate
modes, in particular ENSO (El Nino Southern Oscillation), on the interannual coastal sea level variability. But our
study also reports novel findings in coastal sea level: (1) a regime shift between 2008 and 2012, with increased
sea level rate after that date in many coastal regions, and (2) a 6-year cycle, notably along the northeast and
northwest coasts of America (north of 40°N) and along the Indian coast of Indonesia. Additional EOF analyses are
done using both gridded altimetry sea level data from the Copernicus Climate Change Service and an ensemble
mean of four ocean reanalyses, in three successive coastal bands: 0-50 km, 50-100 km and 100-500 km from
land. They confirm the strong influence of internal climate modes at the coast but also show that results in the
cross-shore direction towards the open ocean are similar to those at the coast. This study based on three different
datasets shows that the strong influence of internal climate modes on sea level interannual variability in the
world coastal zones is not limited to the open ocean but also dominates sea level changes very close to the coast.
It also shows evidence of a regime shift in the rate of change of coastal sea level between 2008 and 2012 and the
presence of a 6-year oscillation in coastal sea level, possibly linked to the recent discovery of a 6-year cycle in the
whole climate system.
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2025).
At regional scale, spatial trend patterns superimpose the global mean

1. Introduction

Sea level varies over a broad range of spatio-temporal scales. The
global mean sea level (GMSL) has not only risen at a mean rate of 3.5 +—
0.3 mm/yr since the beginning of the high- precision altimetry era (i.e.,
since the early 1990s) but has also accelerated by 0.12 + 0.05 mm/yr?
(e.g., Guérou et al., 2023; Hamlington et al., 2024). The GMSL rise and
acceleration mostly result from ocean warming and land ice melt, a
consequence of anthropogenic global warming (IPCC, 2019, 2022).
Acceleration in global mean sea surface temperature driven by Earth’s
energy imbalance has also been recently reported (Merchant et al.,
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rise (Fig. 1). These are large-scale features mostly due to non-uniform
ocean heat content change in response to ocean circulation changes
caused by different forcing factors (e.g., wind stress or direct heat and
mass exchanges between the atmosphere and the ocean) (Stammer et al.,
2013; Hamlington et al., 2020; Cazenave and Moreira, 2022). In some
oceanic areas, salinity changes also play a role. These large-scale spatial
patterns are still largely driven by natural (internal) climate modes (e.g.,
Palanisamy et al., 2015; Han et al., 2017) although in some regions,
anthropogenic forcing is now emerging (e.g., Fasullo et al., 2020).
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Fig. 1. Spatial trend patterns in sea level over January 1993 and November 2024 from satellite altimetry (data from the Copernicus Climate Change Service, www.cl

imate.copernicus.eu).

In coastal areas, the rate of climate-related sea level change may be
different than offshore because it is the combination of the global mean
rise and the regional changes, on which the signature of small-scale
coastal processes is superimposed. The latter include long-term
changes in coastal currents, wind and waves, and seawater density
due to variations in freshwater input from rivers (Woodworth et al.,
2019). Vertical land motions are additional factors that may cause
relative sea level changes to differ substantially from absolute (climate-
related) sea level changes in the coastal zones (e.g., Woppelmann and
Marcos, 2016).

Several investigations have focused on sea level changes over shelf
areas in specific oceanic regions, e.g., Northeast America (e.g., Freder-
ikse et al., 2017, Piecuch et al., 2018, Little et al., 2021, Dangendorf
et al., 2023, Camargo et al., 2024), Gulf of Mexico (Wang et al., 2022,
Yin, 2023, Steinberg et al., 2024, Leclercq et al., 2025), Northern Europe
(e.g., Frederikse et al., 2016; Hermans et al., 2020; Wise et al., 2024),
Western Africa (Cisse et al., 2022; Dieye et al., 2023; Ghomsi et al.,
2024; Dieng et al.,, 2021, 2025), Indian Ocean (Han et al., 2019),
Southeast Asia (Thompson et al., 2023), etc. The purpose of these studies
was to analyze how sea level over shelf areas evolves from monthly to
interannual time scale, identify and/or quantify the contribution of local
underlying drivers (e.g., river runoff) and estimate the respective
importance of ocean mass redistribution on the shelf versus remote
steric effects (e.g., Dangendorf et al., 2021). However, the above in-
vestigations do not focus on sea level change close to the coast. This is
unlike other studies that use tide gauge data, combined with gridded
altimetry and model data, to analyze coastal sea level variability on a
global scale, this time with the objective of defining coastal regions of
coherent interannual variability (e.g., Papdopoulos and Tsimplis, 2006;
Han et al., 2019; Royston et al., 2022; Oelsmann et al., 2024). With the
exception of the latter studies, the majority of the previous work has
focused on regional to large-scale sea level changes and drivers because
of limited access to observations of coastal sea level on a global scale. It
explains why we still have a limited understanding of processes affecting
coastal sea level variations at interannual time scale. But this can now be
investigated by exploiting recent developments in coastal altimetry data
(e.g., Passaro et al., 2014, 2018; Birol et al., 2021; Benveniste et al.,
2020; Cazenave et al., 2022).

This is the main goal of the present study, i.e., investigate and inter-
compare the dominant structures of interannual variability in coastal sea

level and their link with internal climate modes, from both a regional
and a global perspective. Another objective is to analyze if these struc-
tures change in the cross-shore direction, between the coastline and the
open ocean. For that purpose we perform an empirical orthogonal
function (EOF) analysis of different data sets: (1) a global sea level
dataset at 1132 altimetry-based virtual coastal stations, located at less
than 8 km from the coast and homogeneously distributed along the
world coastlines (data updated from Benveniste et al., 2020 and Caze-
nave et al., 2022), (2) gridded altimetry data from the Copernicus
Climate Change Service (C3S, www.climate.copernicus.eu), and (3) an
ensemble mean of four ocean reanalyses (https://data.marine.coper
nicus.eu/product/GLOBAL_MULTIYEAR PHY_ENS_001_031). The
study period ranges from January 2002 to June 2021 (a limitation due to
the current availability of the altimetry-based virtual coastal station
dataset).

Data and methodology are presented in Sections 2 and 3. Section 4
presents the results of the EOF decomposition applied to sea level time
series at the altimetry-based virtual coastal stations, globally and
regionally. In Section 5 are presented EOF analyses performed in
offshore regions using gridded satellite altimetry data, and an ensemble
mean of the four ocean reanalyses. Section 6 focusses on the regime shift
detected between 2008 and 2012 in coastal sea level. The 6-year cycle
found in coastal sea level of several regions is discussed in Section 7.
Additional discussion and a conclusion are proposed in Section 8.

2. Data
Different data sets are used in this study.
2.1. Reprocessed altimetry-based coastal sea level data

In the context of the European Space Agency (ESA) Climate Change
Initiative (CCI) Coastal Sea Level project (https://climate.esa.int/en/
projects/sea-level/), a complete reprocessing of high-resolution (20
Hz, i.e., 350 m resolution along the satellite tracks) along-track satellite
altimetry data from the Jason-1, Jason-2 and Jason-3 missions, covering
the period January 2002-June 2021 has been performed in the world
coastal zones (e.g., Benveniste et al., 2020; Cazenave et al., 2022). The
reprocessing uses the altimeter range (i.e., the altitude of the satellite
above the sea surface) derived from the Adaptative Leading Edge
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Fig. 2. Time series (over 2002-2021) of MEI, NAO, IOD, AMO, IPO and PDO and associated periodograms. For each climate mode, the time series is shown on the

left and the periodogram on the right.

Subwaveform (ALES) retracking method developed by Passaro et al.
(2014) to retrieve sea surface height estimates in the coastal zone. The
ALES retracking also provides the sea state bias correction used to
remove errors in altimetry sea level data due to the presence of ocean
waves at the surface. Details of the reprocessing and dataset are
described in Benveniste et al. (2020), Birol et al. (2021) and Leclercq
et al. (2025). This reprocessing provides altimetry-based sea level time
series over 2002-2021 in the world coastal zones (from 50 km offshore
to less than 8 km from the coast in global average, with an along-track
resolution of 350m) and the associated sea level trends. Different ver-
sions of this dataset have been produced since the beginning of the
project, extending its spatial and temporal coverage, and taking into
account improvements in the data processing. Here we use the latest
validated version of the coastal sea level product (named version 2.4),
which provides sea level time series worldwide at 1132 virtual altimetry
stations located at less than 8 km from the coast, including 325 virtual
stations at less than 3 km from the coast. It is available on the SEANOE
website (https://doi.org/10.17882/74354). The virtual stations
coverage is that of the Jason satellite tracks where they cross the coast,
with an inter-track spacing of ~300 km at the equator, and ~ 150 km at
60° latitude. The virtual stations are located within the 60°N-60°S
domain.

2.2. Gridded sea level data from the Copernicus Climate Change Service

We also used a gridded sea level product computed with classical
altimetry processing, i.e., the Copernicus Climate Change Service,
Climate Data Store, 2018 product with a mesh resolution of 0.25° (https
://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-lev
el-global). The C3S sea level product covers the global ocean and focuses
primarily on the recovery of long-term ocean variability. It uses a
constellation of two altimeter satellites, with one satellite serving as
reference to ensure the long-term stability of the data record and the
other used to provide better coverage. The gridded C3S data are avail-
able over the altimeter period (1993-present), but here we consider the
period from January 2002 to June 2021, as for the virtual coastal
stations.

2.3. An ensemble mean of four gridded ocean reanalyses available from
the Copernicus Marine Service (CMS)

We used sea surface height data from a Global Ocean Ensemble

Reanalysis product provided by CMS (https://data.marine.copernicus.
eu/product/GLOBAL MULTIYEAR PHY ENS 001 031). The gridded
data are available from 1993 onward (high-precision altimetry era), but
as for the other data sets, we focus here on the 2002-2021 time span.

Four ocean reanalyses are used to create the ensemble mean. They
include:

- GLORYS2V4 from Mercator Ocean International (Garric and Parent,
2017);

- ORASS from the European Center for Medium range Weather Fore-
cast/ECMWF (Zuo et al., 2019).

- C-GLORSv7 from the Euro-Mediterranean Center on Climate
Change/CMCC (Storto and Masina, 2016).

- GloSea5 from UK Met Office (MacLachlan et al., 2015).

These products provide different time series (and versions) of 3D
global ocean fields at monthly interval. They all use the NEMO (Nucleus
for European Modelling of the Ocean) ocean model. Their spatial reso-
lution is 0.25°, i.e., similar to the C3S gridded altimetry data set.
GLORYS, ORAS5 and C-GLORS are forced-mode reanalyses. Except
GloSea5 (a coupled-mode reanalysis), they assimilate satellite altimetry-
based sea level data.

2.4. Time series of internal climate indices

Different climate indices are considered here: MEI (multivariate
ENSO Index, https://www.psl.noaa.gov/enso/mei/), PDO (Pacific
Decadal Oscillation, https://www.ncei.noaa.gov/pub/data/cmb/er
sst/v5/index/ersst.v5.pdo.dat), NAO (North Atlantic Oscillation, https:
//climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-
oscillation-nao-index-station-based), AMO (Atlantic Multidecadal
Oscillation,  https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/ind
ex/ersst.v5.amo.dat), IOD (Indian Ocean Dipole, https://www.cpc.nc
ep.noaa.gov/products/international/ocean_monitoring/indian/IODMI/
DMI_month.html) and IPO (Interdecadal Pacific Oscillation, from NOAA
ERSST V5, unfiltered, https://psl.noaa.gov/data/timeseries/IPOTPI/).

3. Methods
Regardless of their original temporal resolution, all data sets are

transformed into monthly sea level time series. The sea level time series
at the 1132 virtual coastal stations are averaged over 10 successive 20
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Fig. 3. First three modes of the EOF decomposition of the coastal deseasonalized (but not detrended) sea level time series at the 1132 virtual coastal stations. We
show for each mode the spatial distribution (left panel), the corresponding PC time series (middle panel) and the PC periodogram (right panel; the dashed line
represents the 90 % confidence level). MEI is superimposed to the PC1 time series. The PCs are normalized and the spatial maps are in meters.
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Fig. 4. a: First three modes of the EOF decomposition of coastal sea level time series (deaseasonalized but not detrended) over 20022021 for the western coasts of
north and central America (R1). For each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and the PC perio-
dogram (right panel; the dashed line represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

b: First three modes of the EOF decomposition of coastal sea level time series (deaseasonalized but not detrended) for the eastern coasts of north America (R5). For
each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and the PC periodogram (right panel; the dashed line
represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

c: First three modes of the EOF decomposition of coastal sea level time series (deaseasonalized but not detrended) over 2002-2021 for the Caribbean region and Gulf
of Mexico (R4). For each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and the PC periodogram (right panel;
the dashed line represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

d: First three modes of the EOF decomposition of coastal sea level time series (deaseasonalized but not detrended) over 2002-2021 for Northeast Europe (R6). For
each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and the PC periodogram (right panel; the dashed line
represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

e: First three modes of the EOF decomposition of coastal sea level time series (deaseasonalized but not detrended) over 2002-2021 for the Mediterranean Sea (R7).
For each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and the PC periodogram (right panel; the dashed line
represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

f: First three modes of the EOF decomposition of coastal sea level time series (deaseasonalized but not detrended) over 2002-2021 for Western Africa (R8). For each
mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and the PC periodogram (right panel; the dashed line represents
the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

g: First three modes of the EOF decomposition of coastal sea level time series (deaseasonalized but not detrended) over 2002-2021 for the northern Indian ocean
(R11). For each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and the PC periodogram (right panel; the
dashed line represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

h: First three modes of the EOF decomposition of coastal sea level time series (deaseasonalized but not detrended) over 2002-2021 for southeast Asia (R12). For each
mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and the PC periodogram (right panel; the dashed line represents
the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.
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Fig. 4. (continued).
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Fig. 4. (continued).

Hz (i.e., 350 m) along-track points (hence over a distance of 3.5 km from
the first along-track valid point closest to the coast), as explained in
Leclercq et al. (2025).

While other approaches could be considered (e.g., Gaussian mixture
model as in Oelsmann et al., 2024), the main tool used in this study is the
EOF decomposition (Preisendorfer, 1988). This technique is largely used
in climate studies to extract spatial patterns of variability and associated
temporal evolution.

The EOF decomposition allows to separate a spatially well-resolved
signal into spatial modes (EOFs) and their related temporal amplitudes
(also called principal components —PCs-).

Conceptually, each EOF is a spatio-temporal pattern of the initial
signal that accounts for a percentage of the total variance. The low-order
EOFs explain most of the variance and contain the largest spatial scales
of the signal. The higher-order EOFs contain smaller spatial scale pat-
terns that are increasingly affected by noise. By construction, EOF
spatial patterns and PC of each mode are assumed independent via the
hypothesis of mode orthogonality. This condition is however not always
verified in physical systems and can be considered as the main limitation
of this method.

In the EOF figures presented here, a 12-month smoothing is applied
to the PC time series to filter out the high-frequency fluctuations (as we
are essentially interested here in interannual variations). The PCs are
unitless (normalized by a min-max scaling factor between —1 and + 1)
and the associated spatial maps are in meters, corresponding to the same
units of the measured sea level time-series.

We also compute periodograms of the principal components of the

EOF decomposition. Periodograms of climate indices are also computed.
For that purpose, we use the Lomb-Scargle algorithm (e.g., VanderPlas,
2018).

The seasonal cycle was removed to all data sets using the Multiple
Seasonal-Trend decomposition based on the LOESS (MSTL) tool from the
statsmodels python library (Bandara et al., 2021). On the other hand, no
detrending of the time series is performed. This is done on purpose
because the objective of this study is to check how coastal sea level
evolves with time, including on the long-term.

4. Results
4.1. Periodograms of the internal climate modes

Because not strictly periodic, it is interesting to quantify in which
frequency band the different internal climate modes (i.e., the climate
indices) have the maximum of energy during our study period (January
2002 to June 2021), bearing in mind that only periods shorter than 10
years are significant. The MEL, NAO, IOD, AMO, IPO and PDO time series
along with their respective periodograms are shown in Fig. 2.

Over the study period, the MEI periodogram is characterized by a
strong peak at 3-year. IPO’s time series and periodogram resemble those
of MEL PDO is dominated by decadal variations, with a regime change
around 2010-2012. NAO displays significant energy between 2.5 and 3
years. Similarly, AMO shows multiple peaks between 2 and 4 years, plus
another one close to 5 years. IOD shows a clear 4-year periodicity plus
another one around 5.5 year.
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Fig. 4. (continued).

4.2. Global EOF decomposition of the sea level time series at the 1132
virtual stations over 2002-2021

Fig. 3 shows the first three modes of the EOF global decomposition of
the deseasonalized (but not detrended) sea level time series at the 1132
coastal virtual stations. As a reminder, the latter are all located at less
than 8 km from the coast. Fig. 3 shows for each mode the spatial dis-
tribution map (left), the principal component time series (PC, middle)
and the PC periodogram (right). For the latter, the 90 % confidence level
of the peaks is indicated by an horizontal dashed line.

The first mode is clearly dominated by the ENSO signature, mostly
seen in the Pacific Ocean, with anti-correlated sea level variations on
both sides of the basin. This is illustrated by the high correlation (of 0.9)
between the PC1 and superimposed MEI (Fig. 3, top-middle panel). In
the other oceanic coastal regions, this mode has a low signature. Because
of the strong global influence of ENSO, the effect of other climatic modes
(e.g., NAO or AMO in the Atlantic Ocean) is hardly visible on mode 1 of
the global analysis.

The second mode shows a long-term positive trend in coastal sea
level after 2008, on which are superimposed short-term oscillations
around 4-5-year periods. Interestingly, the mode 2 positive trend
beyond 2008 is seen in most coastal regions except on the Pacific side of
southeast Asia where the trend is slightly negative. The peaks at 4-5
years are not significant.

Although its explained variance is low, the third mode reveals a clear
6-year periodicity in coastal sea level (well above the 90 % confidence
level), in particular along the coasts of the northeast Pacific and eastern
Indian Ocean. It could be related to the 6-year cycle which has been
recently discovered in several climate parameters (Cazenave et al.,
2023, 2025; Pfeffer et al., 2023). A dedicated discussion on this topic is
provided in Section 7.

4.3. EOF decomposition of coastal data in specific regions

We present below results of the EOF decomposition of the sea level
time series over January 2002-June 2021 at the virtual coastal stations,
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Fig. 4. (continued).

but now performed at a regional scale (Figs. 4a-h). Because of regional
differences in ocean dynamics and non-uniformity of impacts of climate
modes, the interannual variability of coastal sea level is expected to vary
from one region to another. We focus below on eight coastal areas
(western coasts of North & Central America, Northeast coast of America,
Caribbean region and Gulf of Mexico, Northwestern Europe, Mediter-
ranean Sea, Western Africa, North Indian Ocean and Southeast Asia).

4.3.1. Western coasts of North & Central America (region R1)

Fig. 4a shows the first three modes of the EOF decomposition of
coastal sea level time series for the western coasts of north and central
America.

The first mode explains now 55 % of the variance (in comparison to
27 % in the global scale analysis). The signature of the IPO and AMO
(peaks at ~3 and 5 years respectively) is also visible. Modes 2 and 3 have
much lower explained variance. What is noticeable is that the 6-year
cycle has now moved to mode 2 compared to the global analysis where it
was present in the 3rd mode. Its impact on sea level is dominant between
40°N and 60°N. Mode 3 explains much less of the regional coastal sea
level variability (3 % explained variance) and has a significant 4.5-year
cycle.

4.3.2. Northeast coast of America (region R5)

Along the northeast coast of America, mode 1 largely dominates the
sea level variability, with 31 % of the explained variance and a coherent
spatial structure along the coast (Fig. 4b). It shows a large step change
around 2010, with higher sea level beyond that date. It is worth noting
that mode 2 (8 % of the variance) displays a significant 6-year cycle,

particularly significant north of 40°N. Mode 3 (6 % of the variance) has a
slightly bimodal structure along the coast and is associated to different
peaks of energy (around 3 and 5 years).

4.3.3. Caribbean region and Gulf of Mexico (region R4)

Mode 1 of Fig. 4c shows the same behavior as observed in mode 1 for
Northeast America, i.e., a regime change around 2012, slightly later
than along the Northeast American coast, and with a larger explained
variance (53 % versus 31 %). A significant peak at 4 years is seen in
mode 2 (11 %) of the variability) suggestive of a remote influence of the
I0D. This mode shows opposite amplitudes in sign between the Carib-
bean islands and the rest of the region. Mode 3 explains much less of the
variability (4 %) associated with peaks around 4 and 6 years.

4.3.4. Northwestern Europe (region R6)

The PCs of modes 1, 2 and 3 (Fig. 4d), 23 %, 15 % and 10 % of
explained variance respectively, all show a clear 3-year period fluctua-
tion which is likely the signature of the NAO, but with possibly a remote
influence of ENSO. The EOF analysis was not able to clearly separate this
signal from the rest of the interannual variability in this region. In
addition, mode 1 shows the same long-term behavior as observed on the
other side of the Atlantic, i.e., a regime change between 2008 and 2012.
As above, it shows a coherent spatial structure all along the coast,
whereas modes 2 and 3 are much more complex.

4.3.5. Mediterranean Sea (region R7)
In the Mediterranean Sea (Fig. 4e), mode 1 dominates, with an
explained variance of 56 % and, here again with a homogeneous spatial
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Fig. 4. (continued).

structure. It is a combination of a trend, with a regime change between
2008 and 2010, and interannual fluctuations with period around 5
years. Modes 2 and 3 have very small explained variance (5 % and 3 %
respectively).

4.3.6. Western Africa (region R8)

The western coast of Africa again presents the same behavior as
previously mentioned for northeast America and northwestern Europe,
i.e., the regime change between 2008 and 2010 which dominates the
coastal sea level variability, with a coherent spatial structure all along
the coast (Fig. 4f). The AMO influence is also visible in both modes 2 and
mode 3 through a significant peak around 5 years.

4.3.7. North Indian Ocean (region R11)

Again, mode 1 for the North Indian Ocean shows the regime shift
between 2008 and 2012, previously seen in the other regions, but this
time explaining 41 % of the coastal sea level variability at interannual
scale (Fig. 4g). It also shows the influence of IOD (peak around 4 years).
Mode 2 (18 % of the explained variance) displays high frequency fluc-
tuations in addition to a 6-year cycle along eastern Indian coasts and
Gulf of Bengal. Mode 3 is lower (8 % of explained variance) and
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associated to a sharp increase in coastal sea level in 2012, here again in
the eastern part of the study region.

4.3.8. Southeast Asia (region R12)

Mode 1 dominates the regional coastal sea level variability, with 52
% explained variance. It is dominated by the combined effects of ENSO
and IOD (peaks between 2 and 4 years), affecting the whole region
(Fig. 4h). Interestingly, mode 2 (8 % of the variability) displays a 6-year
cycle, mostly significant along the Indian coasts of Indonesia. Mode 3 (3
% of the total variance) is marginally significant.

4.4. Synthesis of the coastal sea level EOF results

From the results presented above, we note an important regional
signature in coastal sea level of some climate modes. This is by no means
anew finding, as it has already been reported in several previous studies
(e.g., Papdopoulos and Tsimplis, 2006; Han et al., 2019; Oelsmann et al.,
2024). For example, using gridded altimetry data, Oelsmann et al.
(2024) identified nine clusters of coherent interannual sea level vari-
ability along the world coastlines, sometimes highly correlated with
internal climate modes.
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On the other hand, the present analysis detects a regime shift in
coastal sea level between 2008 and 2012, in all regions. This will be
discussed in more detail in Section 6. Similarly, the detection of a 6-year
cycle in sea level in some coastal regions is new. It will be discussed in
Section 7.

Table 1 below summarizes the main features derived from the above
analysis depending on region.

5. EOF decomposition of offshore sea level data

To understand to what extent the characteristics of the interannual
variability of coastal sea level captured in the virtual station dataset
(Section 4) are related to the one located further offshore, we perform
similar EOF decompositions of offshore gridded sea level data, over the
time span 2002-2021, using successively the C3S altimetry data set and
an ensemble mean of ocean reanalyses. For that purpose, three cases are
considered in both cases: only data located between 0 and 50 km,
50-100 km and then 100-500 km from the coast.

5.1. Gridded C3S altimetry data

Results for the three offshore domains are shown in Figs. 5a—c. Note
that the coverage of the gridded data is slightly larger than in the virtual
station case because the dataset has a resolution of 0.25° and covers the
high latitude regions above 60°N.

Comparing Figs. 3 and 5a-c, we note that modes 1 of the virtual
stations and gridded data (0-50 km, 50-100 km and 100-500 km cases)
compare well, showing that the interannual variability is present in both
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coastal and offshore sea level. It also confirms the worldwide influence
of ENSO. The modes 2 of the three gridded cases also show the same
trend change between 2008 and 2012 as the virtual station case: positive
along most coastlines except in a narrow band on the Pacific side of
southeast Asia, where it has an opposite sign. Mode 3’s periodograms of
the 0-50 km and 50-100 km cases show a peak at 6 years, while for the
100-500 km case, the peak is shifted at ~7 years. Explained variances of
mode 1 is relatively similar in the 0-50 km and 50-100 km cases and then
decrease further offshore. If the dominant EOF modes appear to be
almost the same as the distance to the coast increase, their respective
importances in the coastal sea level variability seem to change.

5.2. EOF decomposition of the ocean reanalyses

In order to compare the altimetry-based observations with model
outputs, we performed an EOF analysis of the gridded reanalyses
ensemble mean. As for the C3S gridded altimetry data, three cases are
considered here: only data located in the 0-50 km band from the coast,
and in the 50-100 km and 100-500 km bands offshore. Below, we only
present the 0-50 km case (Fig. 6). Here again, the data are deseasonal-
ized but not detrended before analysis.

The spatial structures and respective importance of the three EOF
modes are similar to those obtained with C3S altimetry data. However,
the temporal evolution of modes 2 and 3 is different. It may reflect
variability between the individual numerical solutions on which the
ensemble mean is constructed. Mode 1 (28 % of the explained variance)
is strong in the tropical Indo-Pacific region. It is characterized by a
positive trend as of 2010-2012. The PC1 periodogram displays different
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in the reanalyses and in the gridded altimetry data.
Table 1
Main features derived from the EOF analysis in the eight studied coastal regions. 6. A regime shift in sea level around 2008-2012?
Coastal Region Climate Regime shift between 6-year
modes 2008 and 2012 cycle The EOF analyses presented above, suggest that a quasi-step change
Northwest & central PO yes yes in coastal/near coastal sea level occurred in many regions during the
America ) 2008-2012 time span. It is worth noting that this regime shift is also
Northeast America NAO, AMO  yes yes seen at the same date at the virtual coastal stations of Southeast America
Caribbean & Gulf of ENSO, IPO, yes / . .. .
Mexico 10D and Southwest Africa (both on the Atlantic sides of these continents)
Northeast Europe NAO yes / (EOFs not shown). At the virtual coastal stations, it occurs around
Mediterranean Sea AMO yes / 2008-2010 in the following regions: Northeast and Southeast America,
E“ﬁ’;"? Afr(’)ca QNMS% oD yes / Gulf of Mexico, Mediterranean Sea, Western Africa, Indian Ocean. In the
or ndian Ocean y yes yes . . .
Southeast Asia ENSO. 10D ves ves offshore sea level data (e.g. both gridded altimetry and reanalyses), it

peaks in the 2-4-year waveband, likely a combined effect of MEI/ENSO,
NAO and IOD (not well separated by the EOF method and only slightly
above the noise level). Mode 2 (17 % of the explained variance) has an
almost global signature, with a dipole between the tropical Indo-Pacific
region and the rest of the world coasts. Mode 3 (8 % of the explained
variance) shows some energy around 6-year. However, the 6-year peak
is better resolved in the EOF decomposition of data in the 50-100 km
band (not shown). The regime shift between 2010 and 2012 is well seen

seems to be slightly delayed in time (around 2010-2012). When the
ENSO signal is removed from the gridded altimetry data located in the 0-
50 km band from coast (removing mode 1 of the previous EOF decom-
position), this regime shift is well seen around 2012 in the first mode of
the new EOF decomposition (not shown). Interestingly, if we now
compute the EOF analysis at global scale, using gridded C3S altimetry
data, such a regime shift is also well visible (Fig. 7). Mode 1 shows a
clear increase in sea level rate around 2012 in all oceanic domains
(except in a narrow elongated band located next to the Philippines Sea
where the trend is negative). In modes 2 and 3, the signature of ENSO
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Fig. 5. a: PC time series over 2002-2021 of modes 1, 2 and 3 and associated periodograms of the EOF decomposition of C3S gridded altimetry data (deseasonalized
but not detrended) in the 0-50 km band from the coast. For each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel)
and the PC periodogram (right panel; the dashed line represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

b: PC time series over 2002-2021 of modes 1, 2 and 3 and associated periodograms of the EOF decomposition of C3S gridded altimetry data (deseasonalized but not
detrended) in the 50-100 km band from the coast. For each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and
the PC periodogram (right panel; the dashed line represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

c: PC time series over 2002-2021 of modes 1, 2 and 3 and associated periodograms of the EOF decomposition of C3S gridded altimetry data ((deseasonalized butnot
detrended) in the 100-500 km band from the coast. For each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel) and
the PC periodogram (right panel; the dashed line represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.

dominates.

In order to not only rely on visual inspection of the figures, we
applied a statistical method to more precisely locate in time the regime
shift. For that purpose, we used the Bayesian Estimator of Abrupt
change, Seasonal change and Trend (BEAST) tool developed by Zhao
et al. (2019). This method allows to detect changes in trend in time
series using Bayesian algorithms. The BEAST method is applied here to
the mode 2 PC of the EOF decomposition of the coastal sea level at the
1132 virtual stations (Fig. 3). The minimum separation time interval
(called trend length) between to neighboring trend changes is an entry
that depends on the type of the analysis to be performed. Being inter-
ested here in the interannual variability, we tested three cases: 5 years,
7 years and 9 years for the chosen trend length. Results are shown in
Fig. 8.

Fig. 8 clearly shows that PC2 of the EOF decomposition of the virtual
station sea level displays a change in trend within the 2008-2012 time
interval.

It is worth mentioning that several previous studies have found ev-
idence of an abrupt change in sea level between 2008 and 2012 in some
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coastal regions, with higher sea level beyond that date, e.g., along the
coast of southeast US and Gulf of Mexico (Dangendorf et al., 2023; Yin,
2023; Steinberg et al., 2024; Leclercq et al., 2025), as well as a regime
shift in sea level trend (turning from positive to negative) in the south
China Sea around 2009 (Cheng et al., 2023; see also Qu et al., 2023).
Cheng et al. (2023) elaborate on the South China Sea regime change,
linking the regional sea level response to the PDO whose phase changed
around 2010-2012. According to these authors, this caused a weakening
of trade winds at the equator compared to the previous decade.

We cannot exclude that the regime shift seen in coastal sea level is a
more global phenomenon that has impacted the climate system. For
example, a climatic regime shift around 2010 has been reported by
Amano et al. (2023) in Northeast Eurasia, possibly linked to a change in
the Arctic Oscillation. A large increase in coastal ice mass loss in West
Antarctica as of 2009 was observed by Zwally et al. (2021) and a shift in
ocean heat content of the southern oceans around 2012 was reported by
Wang et al. (2021). These shifts seem to be related to a change in the
phase of the PDO, as illustrated in Fig. 2. It may be worth to recall that a
PDO shift occurred in 1976/1977 which had large scale impacts on
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climate (Miller et al., 1994; Hartmann and Wendler, 2005; Wu et al.,
2005). Such PDO phase shifts are supposed to be linked to the decadal
variability of the atmosphere-ocean system in the tropical Pacific (Lyu
etal., 2017; Power et al., 2021; Wang et al., 2021). However, we cannot
also exclude that an increase in anthropogenic radiative forcing also
played a role (e.g., Hodnebrog et al., 2024).

Returning to sea level, it seems that some change in the global mean
sea level (GMSL) is also visible around 2010, as illustrated in Fig. 9.

While the temporal evolution of the GMSL shown in Fig. 9 is usually
interpreted as an acceleration classically expressed by a quadratic trend
(e.g., Dieng et al., 2017; Nerem et al., 2018; Guérou et al., 2023;
Hamlington et al., 2024), we cannot exclude that it would either be
explained by two linear trends, with a change in slope around 2010.
Over 1993-2009, the slope is estimated to 2.65 + 0.3 mm/yr and to 4.43
+ 0.3 mm/yr over 2010-2024.

7. The 6-year cycle observed in sea level along some coastlines

A cycle of about 6-year has been found in some parameters of the
Earth system, e.g., in the rotation of the solid Earth (e.g., Abarca del Rio
et al., 2000 and many subsequent publications), in the internal magnetic
field (Currie, 1973, Mandea et al., 2012, 2015), in fluid core motions
(Gillet et al., 2010, 2022), in GNSS-based crustal deformations (Watkins
et al., 2018), in the Earth’s oblateness (Chao and Yu, 2020) and in other
low-frequency terms of the Earth’s gravity field (Mandea et al., 2015).
Recently, a 6-yr cycle has also been detected in several parameters of the
climate system (Cazenave et al., 2023; Pfeffer et al., 2023). This the case
in particular for the rate of change of the GMSL and some components of
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the GMSL (e.g., glacier and Greenland ice mass loss) (Moreira et al.,
2021). A 6-yr cycle has also been detected in precipitation data, in
GRACE-based terrestrial water storage and in global hydrological
models, (Pfeffer et al., 2023). In addition, it has been observed in the
zonal wind circulation of the atmosphere and in its angular momentum
(Pfeffer et al., 2023). Finally, the Earth’s mean surface temperature also
displays a clear cycle at 6-year period, dominant in the Arctic region, as
well as the global mean ocean heat content (Pfeffer et al., 2023; Caze-
nave et al., 2025). While the 6-year cycles of the magnetic field and solid
Earth rotation are known for long and are convincingly attributed to
Earth deep interior processes occurring in the core and at the
core-mantle boundary (e.g., Gillet et al., 2022), the 6-year cycle in the
climate system is a recent discovery. It implies that the whole Earth
system is oscillating with a 6-year periodicity. Cazenave et al. (2025)
reviewed the 6-year cycle affecting the whole Earth system and pro-
posed different mechanisms potentially able to explain the observations.
However, the question remains open.

The fact that the coastal sea level data display a clear 6-year cycle,
only in some regions, adds another puzzling element to this question.
The 6-year cycle found in coastal sea level north of 40°N along the
western and eastern coasts of North America could eventually be linked
to the observed 6-year cycle in Arctic surface temperature (via thermal
expansion and Greenland melting). On the other hand, the observed 6-
year cycle in sea level in the Northeast Indian Ocean and along the In-
dian coasts of Indonesia could be driven by coastal winds if the latter
exhibit such a 6-year oscillation. But what is the global origin of this
cycle in all the zones where they are observed? It is beyond the scope of
the present study to investigate this question in more detail. But the



L. Leclercq et al.

Global and Planetary Change 253 (2025) 104972

SLA grid EOF Global: 100-500km

mode: 1 (var: 0.14) PC1 Periodogram
1.0 1 0.20 4
0.01
0.5 0.15
—
v
0.00 § 0.04 Z 0.10 1
&
-0.5 0.05
-0.01
—10 L T T T T T 000 1 T T T T T
180° 60°W 0° 60°E 180° (N > q © Q 2 4 6 8 10
DS i (i N Year
mode: 2 (var: 0.12) PC2 Periodogram
- 1.0 1 0.08 Po==fesetecccccaxeaes
0.02
0.5 0.06 -
@
0.00 Y 0.0 2 0.04 -
&
0.5 0.02 1
-0.02
_10 1 T T T T T 000 L T T T T T
180° 60°W 0° 60°E 180° N 2 1 © 9 2 4 6 8 10
2% 9007 40> 0N o Year
mode: 3 (var: 0.03) PC3 Periodogram
- - 1'0 ~
60°N . 0.04
30°N //‘ 0.02 0.5
0° ,/ 000 ¥ 0.0- g
\ &
30°S \ / -0.02 —0.5-
60°S > -0.04
_10 -

180° 60°W 0° 60°E 180°

T T T T T

2 o gt © e®

Fig. 5. (continued).

discovery of this new signal in observed coastal sea level of some regions
and the fact that it is also captured in ocean reanalyses should enable us
to make progress in the future in characterising and understanding it.

8. Discussion and conclusion

In Section 4 we reported interannual variations of coastal sea level
that are related to internal climate indices. As shown by many studies,
internal climate modes represent the dominant factors of interannual to
multidecadal variability of oceanic parameters, including sea level. This
mostly results from ocean-atmosphere interactions and associated
feedback mechanisms. Focusing on the interannual time scale, the most
prominent mode of variability is related to ENSO, affecting dominantly
the Pacific Ocean but with strong influence on remote regions via inter-
basin teleconnections caused by modifications of the Walker and Hadley
atmospheric circulations (e.g., Yu et al., 2020, An and Wang, 2020,
Chang et al., 2020, Rodriguez-Fonseca et al., 2020). Other modes of
interannual variability affect other oceans, e.g., NAO and AMO in the
Atlantic Ocean (Rodriguez-Fonseca et al., 2020) and IOD in the Indian
Ocean (Kucharski et al., 2020), to just quote a few. As reviewed in detail
in Mechoso (2020), important inter-basin interactions take place at
interannual time scales through oceanic and atmospheric connections,
which explains why in a number of cases, the remote signature of some
climate modes is noted.

Several previous studies have compared the interannual variability
of coastal sea level with internal climate modes, either using tide gauge
data (e.g., Papdopoulos and Tsimplis, 2006; Han et al., 2019) or gridded
altimetry data (Oelsmann et al., 2024). These studies highlighted the
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well-known influence of MEI/ENSO along the eastern Pacific coasts, of
NAO and AMO in the Atlantic and of the IOD in the Indian Ocean.

As mentioned in the introduction, one of the objectives of the present
study was to check whether the climate modes still dominate the
interannual signal in coastal sea level globally, using the new network of
altimetry-based virtual coastal stations located very close to the coast (at
distances less than 8 km). Another objective was to investigate how far
the interannual coastal sea level signal remains coherent when the dis-
tance from the coast increases towards the open ocean.

Our analysis at the virtual stations confirms the dominant influence
of ENSO/MEI along the coasts of the eastern Pacific Ocean and Pacific
side of southeast Asian coasts, as well as NAO on the Atlantic coasts, and
10D along North Indian Ocean coasts. The dominant EOF mode at the
virtual coastal stations and the ones obtained from gridded sea level data
in three successive bands (0-50 km, 50-100 km and 100-500 km from the
coast) are similar, i.e., related to ENSO.

We have here focused on the influence of internal climate modes at
the coast, with a global perspective. Further studies should be devoted to
investigate the physical drivers of the coastal changes depending on
regions, e.g., the effects of wind forcing and associated heat and water
mass redistribution at the coast and offshore. It could be done using
ocean reanalyses which we have shown give similar results than altim-
etry in terms of dominant EOF modes in the interannual variability of
coastal sea level.

Our study has revealed two novel results: (1) a regime change in sea
level between 2008 and 2012 with a strong sea level increase beyond
that date in most coastal regions, except in a narrow area of the western
tropical Pacific, and (2) the presence of a 6-year signal in a number of
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Fig. 6. First three modes of the EOF decomposition of global coastal sea level time series (deseasonalized but not detrended) over 2002-2021 (0-50 km from the
coast) using data from the reanalyses ensemble mean. For each mode are shown the spatial distribution (left panel), the corresponding PC time series (middle panel)
and the PC periodogram (right panel; the dashed line represents the 90 % confidence level). The PCs are normalized and the spatial maps are in meters.
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computed over 1993-2009 and 2010-2024. Data from AVISO (www.aviso.fr).

coastal regions, such as the Northeast Pacific north of 40°N, the
Northeastern Indian Ocean and the Indian coast of Indonesia.

In several regions, the results presented here show evidence of a
regime shift in coastal/near coastal sea level between 2008 and 2012.
This is particularly visible along the coasts of Northwest and Northeast
Atlantic, Caribbean and Gulf of Mexico, and African coasts. It is also seen
in the open ocean and possibly in the GMSL. As briefly discussed in
Section 6, such a regime shift may not be limited to sea level but may be
a more global phenomenon possibly driven by decadal climate vari-
ability and a phase shift of the PDO, as well as an increase in radiative
forcing on climate.

Concerning the 6-year cycle also highlighted in the EOF analysis, it is
well seen at some virtual coastal stations, but somewhat less well
resolved in the gridded data, although still present. This 6-year cycle has
been recently discovered in several climate parameters as well as in the
zonal wind circulation of the atmosphere. However, the link of the 6-
year oscillation of the climate system with the 6-year cycle of the rota-
tion of the solid Earth, magnetic field and motions of the fluid core is not
yet elucidated. To remain within the context of the present study, its
presence in coastal sea level may eventually result from along shore
wind forcing. This could be the object of a future investigation.

Finally, the results presented here will eventually generate further
investigations about the physical processes able to explain the different
observations highlighted in the present study.
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