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Abstract. The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report highlights the accelerating rises
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of global mean sea level (GMSL), with trends surpassing historical rates observed over the past two millennia. The China-

Europe Sea Route (CESR), a region of strategic importance for international trade, is particularly vulnerable to sea level

changes and extreme events. This study integrates data from satellite altimetry, tide gauge records, and a global hydrodynamic / '
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model, to assess absolute and relative sea level variations, as well as extreme sea level events, across eight CESR sub-regions
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over the period 1993-2023.
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Statistically significant mean sea level trends confirm systematic
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Sea, Yellow Sea and Bohai Sea show a decadal trend slowdown in the second (2003-2013) and third decade (2013-2023) with

across regions. Notably, the East China ;
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respect to the first one (1993-2003).
Signals of enhanced yegional mean SLA trends are observed in the North Indian Ocean, while Pacific sub-regions exhibit, /

pronounced decadal variability. Discrepancies between tide gauge and satellite altimetry, in specific areas were attributed to
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land subsidence and inherent limitations of coastal altimetry.

A global hydrodynamic modelprovided estimates of return periods for extreme sea levels, identifying high-risk zones such as - :

the Bay of Bengal and the South China Sea. However, challenges remain in capturing cyclone impacts, emphasizing the need

for continued jmprovements, in ;modeling frameworks for extreme sea level assessment,

By highlighting the importance of localized, data-driven approaches and continuous monitoring, the findings contribute to ‘

advancing climate resilience and informing risk mitigation strategies in this globally significant region.
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1 Introduction «

The Intergovernmental Panel for Climate Change (IPCC) Sixth Assessment Report (AR6), published in 2021, revealed<-. .

unprecedented changes in the global climate system over the past two centuries (1850-2020) (IPCC, 2021). During this period,
significant transformations have occurred in heat, water, and ice dynamics across various climate compartments. Among these
changes, the global mean sea level (GMSL) rise stands out as a critical indicator, reflecting the interplay of complex climate
processes. Since the mid-19th century, the GMSL has accelerated beyond the average rate observed over the past two millennia.
Between 1901 and 2018, the GMSL rose by 0.20 m, with the rate increasing from 1.3 mm/yr (1901-1971) to 3.7 mm/yr (2006—
2018). Satellite altimetry data further confirm this acceleration, estimating it at 0.084 + 0.025 mm/yr? between 1993 and 2018
(Nerem et al., 2018).

The primary drivers of GMSL change, include the melting of polar ice sheets, land glaciers, and ocean thermal expansion.
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Notably, the Antarctic ice sheet mass loss tripled and the Greenland ice sheet ymass loss doubled between the periods 1997—
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2006 and 2007-2016_(Nerem et al., 2018). Interannual variability in the water cycle can temporarily slow the trend of mean
sea level rise, as observed in the global ocean from 2003 to 2011 (Cazenave et al., 2014) and in the Mediterranean Sea between
2013 and 2022 (Borile et al., 2025). These findings highlight the influence of short-term climate variability on sea level trends,

which is not limited to the global scale, but also affects regional seas and localized oceanic areas. Additionally, regional sea

level changes are shaped by local ocean circulation patterns, underlining the need for detailed studies of regional and coastal
dynamics (Ezer et al., 2013; Pinardi et al., 2014;, Dangendorf, 2021).
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of steric effects, changes in pcean circulation, atmospheric forcing, and mass redistribution (Cazenave et al., 2014; Dangendorf ‘

etal., 2021). Along the China—Europe Sea Route (CESR), several regional studies have reported heterogeneous long-term sea

level trends and accelerations, particularly in the North Indian Ocean and western Pacific, where monsoon variability, wind-

driven circulation, and large-scale climate modes play a dominant role (Han et al., 2010; Huang et al., 2024),

Sea level variability in the CESR region may also be influenced by major regional circulation features, such as the Arabian<; g

Sea circulation and Somali Current, the East India Coastal Current, the Kuroshio system in the East China Sea, the Yellow Sea
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circulation, and the Indonesian Throughflow, which modulate regional mass transport and sea level variability (Han et al.

2010; Sprintall et al., 2014),,

Extreme sea levels also exhibit strong spatial variability across the region, with storm surges and tropical-cyclone-induced ¢

extremes representing the primary drivers in areas such as the Bay of Bengal, the Arabian Sea, and the western North Pacific

(Dube et al., 2009; Needham et al., 2015). Recent modelling and observational studies further indicate that changes in mean

sea level and extremes may not evolve uniformly, underscoring the importance of jointly assessing long-term trends and
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extreme events (Tebaldi et al., 2021; Muis et al., 2016; Wabhl et al., 2017; Dullaart et al., 2021),,

Despite these advances, most existing studies remain focused on individual basins or specific coastal regions. Ags a result, as

consistent, and, integrated assessment of mean sea level change and extreme sea levels across the entire CESR js still lacking,
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The present study addresses this gap by combining data from multi-mission satellite altimetry, tide gauge observations, and a

global hydrodynamic model within a unified framework.,,

Jhe IPCC WG report identified the North Indian Ocean as a region which experienced sea level rise faster than the global

average, leading to coastal area loss and shoreline retreat. This region, encompassing the CESR, is of particular interest due to
its importance for international trade. However, capturing the full complexity of regional sea level changes in such areas
requires high-resolution, locally refined datasets that go beyond the scope of global assessments.

Efforts to monitor sea level trends on regional and global scales have been bolstered by initiatives such as the Copernicus
Marine Service (CMEMS). Since 2016, CMEMS has published annual Ocean State Reports (OSR), which focus on “Ocean
Monitoring Indicators” (OMI), including sea level rise. These reports provide a comprehensive overview of the global ocean
and regional European Seas, addressing key variables, climate change impacts, natural variability, and extreme events.
Furthermore, a European Assessment Report on Sea Level Rise has been developed for all European basins utilizing a co-
designed approach with policymakers and grounded in robust scientific methods (van den Hurk et al., 2024).

In China, complementary initiatives such as the ‘China Sea Level Bulletin’ and the ‘China Marine Hazards Bulletin,” both
launched in 2003, provide annual insights into sea level trends and marine hazards. The former focuses on the annual mean
sea level rise along the Chinese coast, including related coastal hazards, while the latter addresses a broader spectrum of marine
hazards and their socioeconomic implications.

This study builds on these efforts, employing local and previously unexamined datasets, including satellite aJtimetry, data, to
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deliver a more accurate and high-resolution regional assessment of the CESR region. By integrating high-quality local data
with global datasets, this work seeks to provide a detailed analysis of sea level variability, trends, and extreme events in the
region. These findings extend the conclusions of AR6, leveraging the best available, quality-controlled historical data alongside
high-resolution sea level climate projections.

The paper begins with an overview of observational sea level rise data, followed by insights from numerical model outputs.

Section 2 outlines the materials and methods, including the novel integration of satellite altimetry data, and local datasets.

Section 3 presents an analysis of absolute and relative sea level changes, with a particular focus on extreme sea level events in
the CESR region. The paper concludes with a discussion of the findings and their implications for regional coastal risk

assessments and adaptation strategies.

2 Datasets and Methods

This section describes the datasets and methodological approach adopted to analyse mean and extreme sea level variability+

along the CESR region, Satellite altimetry, tide gauge observations, and hydrodynamic model reanalyses are presented

separately. with the corresponding methodologies described within each subsection to clarify their specific roles in the analysis.
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2.1 Satellite altimetry sea level data, /C" leted: Datasets...atellite altimetry sea level dataf| . [1]

The global sea level product from CMEMS (SEALEVEL GLO PHY CLIMATE L4 MY 008 057) serves as the primary d: This study integrates a range of data sources, including
) T X . . . . satellite altimetry, tide gauge measurements, and advanced numerical

dataset for the analysis of absolute sea level variability and trends, The product js, derived from multiple satellite altimetry models, to comprehensively assess sea level dynamics.] I

missions and processed through the DUACS system (https://duacs.cls.fr). It providesdaily gridded Level 4 sea level anomal

(SLA) data with a spatial resolution of 0.25° (~25 km), covering the global ocean over the period, 1993-2023. The version

used in this study is DUACS Delayed-Time DT-2024, referenced to a 20-year baseline (1993-2012). Although daily data are
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available, the analysis is conducted at monthly temporal resolution, consistent with the gridded CMEMS DUACS product,,

Satellite altimetry measurements are subject to jncreased uncertainties in coastal and shallow-water regions, due to land

contamination of the radar signal, reduced effective spatial resolution, and limitations in geophysical corrections, particularly

)

lied to

those related to the wet tropospheric delay. Standard and coastal-adapted atmospheric correction schemes are aj

mitigate these effects (Brown, 2010; Fernandes et al., 2014), Nevertheless, the reliability of conventional gridded altimetry

<5

products decreases within approximately 20-50 km from the coastline. For this reason, nearshore measurements, are treated

c

with caution. Regional spatial averages are used when analysing basin-scale time series and trends, while spatial maps (e.g.

Fig. 4) are computed from the gridded altimetry product but interpreted with caution in coastal areas to avoid biases from

individual coastal Deleted: To address the challenges of satellite altimetry near
coastlines, wet tropospheric corrections are applied within 20-50 km

of the coast.

—2023 period (Zhou et.

oastal Sea Level Team, 2020).
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nine surrounding altimetry grid points closest to the station location. This approach reduces local noise and Jimits, the influence
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of single, grid-point uncertainties, gnabling a more robust comparison with in-situ data,

At the basin scale, absolute sea level variability is analysed by computing, for each CESR sub-region, the spatial average of

all valid altimetry grid points within the defined boundaries. Monthly mean SLLA time series, are constructed, after remov,n
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the mean jmonthly seasonal cycle at each grid point. The seasonal cycle is defined, as the climatological average of monthly

SLA, values over the 1993-2023 period and js subsequently subtracted to obtain deseasonalized anomalies. Regional mean

k
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time series are then derived, by averaging these anomalies over the entire sub-region, ensuring that the estimated, trends

represent, basin-scale variability rather than Jocalized signals.
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Figure 1: Areas of interest within the CESR domain used for the sub-regional analysis with satellite altimetry data: Red Sea, Persian .- (r leted: I

735  Gulf, Arabian Sea, Bay of Bengal, South China Sea, East China Sea, Yellow Sea, and Bohai Sea.

Figure 2 presents the time series (1993-2023) of yearly mean sea level anomalies, averaged over the areas of interest. The

global time series is corrected for GIA effects using the ICESG-VM2 GIA model (Peltier, 2004). Linear sea-level trends are

calculated for three consecutive 11-year intervals (1993-2003, 20032013, and 2013-2023), with each period including an

overlapping year to ensure continuity in the analysis and reduce the influence of interannual variability. The associated standard

740 errors are provided in Table 1.

Table 1. SLA trends obtained from satellite altimetry [mm/yr| covering the areas of interest (Fig. 1) during 1993-2023, 1993-2003.
2003-2013 and 2013-2023 yrs. Bold values indicate statistically significant trends (p < 0.05).

Area 1993-2023 [mm/yr| 1993-2003 [mm/yr: 2003-2013 [mm/yr 2013-2023 [mm/yr
Global Ocean 29+0.1 28+03 2.0+0.2 39+0.2
Red Sea 4.1+0.5 -34+19 55+1.9 44+14
Persian Gulf 43+04 0.1+1.1 62+1.3 7.0£2.0
Arabian Sea 3.6+03 A11+£1.2 4904 38+1.2
Bay of Bengal 4.0+04 1.8+1.3 6.6+1.3 32+£26
South China Sea 4.1+04 61+1.5 89+1.2 51+£19
East China Sea 3.5+03 6.5+1.0 20+1.1 5.1+£09
Yellow Sea 4.1+03 69+14 32+15 4.7+1.1
Bohai Sea 41+04 48+19 4.7+2.0 4.0+1.7
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During the full period (1993 — 2023), SLA trends across the CESR sub-regions are 20 — 45% higher than the global mean

trend, with significant spatial and distinct decadal patterns. In the first decade (1993 — 2003), the four Indian Ocean sub-regions
exhibit lower trends compared to the global mean, while the four Pacific sub-regions display higher trends.

Mean SLA trends increase eastward, from a minimum of -3.4 mm/yr in the Red Sea to a maximum of 6.9 mm/yr in the Yellow
Sea, before slightly decreasing in the Bohai Sea (4.8 mm/yr). By the second decade (2003 — 2013), the spatial distribution

shifts: regions like the Persian Gulf and Bay of Bengal, previously exhibiting low trends, become areas of maximum SLA
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Figure 3. Regional mean sea level trends obtained from satellite altimetry for the Global Ocean and the

inFig. 1, computed over the periods,1993-2023, 1993-2003, 2003-2013 and 2013-2023,
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3.1.2 Relative sea level

Deleted: Relative sea level is measured at tide gauge stations

JTide gauges, which have been operational since the 18th century, provide localized, long-term insights into sea level dynamics,«.

supporting research on climate change, ocean circulation, extreme events, and coastal hazard assessments. Despite their

invaluable role, tide gauge measurements must be integrated with satellite altimetry data to offer a comprehensive view of sea

level changes, particularly in regions with complex oceanographic and atmospheric dynamics, such as the CESR,

For this study, a subset of tide gauge stations from the RLR, dataset with records starting in 1993 was selected (Fig. 5).

Observations from these stations were compared with data from the nearest altimetry grid points,

relative to specific reference levels, such as a multi-year local mean
or a standardized national reference level. These measurements
capture the ocean surface height relative to the land, incorporating
effects like subsidence or bradyseism.
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Figure 6 shows the time series for both datasets, highlighting their overall consistency. However, some discrepancies were

identified in some stations due to local vertical land movements. The comparison of SLA nearest grid points time series with

tide gauges data reveal strong correlations (0.9 — 1.0) for most stations, except for Sabang (Bay of Bengal, corr. coef. 0.6) and
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Table 2 provides a detailed comparison of sea level trends and associated uncertainties (expressed as standard errors) for each

selected PSMSL station using both in-situ and satellite data over multiple periods: 1993-2022, 1993-2002, 2003-2012, and

2013-2022. Altimetric trends were computed at the grid points nearest to the tide gauge stations, while in-situ trends were

excluded where yearly observations were less than 70% of the expected data for the reference period. Notably, 2023 data were

omitted from the analysis, as only the Paradip station (Bay of Bengal) reported observations for that year. Bold p-values in

Table 2 indicate statistically significant trends, emphasizing the reliability of those results.
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Figure 6. Time series (1993-2023) of annual mean sea level anomalies (mm) at the platforms: (a) Port Sudan (Red Sea) , (b) Mina<+

Sulman (Persian Gul

¢) Mormugao (Arabian Sea

d) Masira (Arabian Sea

e) Paradip (Bay of Bengal Sabang (Bay of

Bengal), (g) Xisha (South China Sea), (h) Nansha (South China Sea), (i) Kanmen (East China Sea), (j) Lusi (Yellow Sea), and (k)
Dalian (Bohai Sea). Tide gauge stations observations (blue) represent relative sea level, while satellite altimetry (orange) absolute

sea level.

Table 2. Sea level trends with standard errors calculated for each selected PSMSL station using in-situ and satellite data over the<+
periods 1993-2022, 1993-2002, 2003-2012, and 2013-2022. Altimetric trends were computed at the grid points nearest to the tide
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Validation of GTSMip and COAST-RP datasets are,presented in Appendix A, including,comparison between tide gauge data
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Figure A2: Map of available tide gauge stations of the UHSLC dataset and their corresponding record length (years). From the
available tide gauge stations, only stations with more than 25 years of data were used for the validation in this study.
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1695  Figure A4: Overview of 1 in 100-year exceedance events for extreme surges. (Top) Extreme surge levels from GTSMip forced with
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ERAS. (Middle) Extreme surge levels from Coast-RP. (Bottom) Difference between GTSMip and Coast-RP surge levels. Return
levels are below 1 m for most of the coastline of the Red Sea (e.g., Egypt, Sudan, Yemen, eastern Saudi Arabia). Values between 1
and 2 m are seen for most of the Persian Gulf (e.g., Iran, Oman, and eastern Saudi Arabia), Arabian Sea (e.g., Pakistan), southwest
coast of the Bengal Bay (India) and parts of the South China Sea (e.g., Vietnam). Regions where the 1 in 100-year water levels exceed
2 m includes northern part of Bay of Bengal (Bangladesh), north: n part of the Arabian Sea (west India and southeast Pakistan),
Gulf of Thailand (Cambodia) and the Yellow Sea (northern China).
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