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and Uncertainties From CMIP6 Models

Salah Basem Ajjur' ©©, Emanuele Di Lorenzo' ¢, and Baylor Fox-Kemper"
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Abstract Knowledge is limited regarding decadal extremes and uncertainties of sea-level change (SLC) at
the regional scale, which necessitates the need for better understanding of these changes to enhance future
coastal preparedness. To this end, we examined sea-level extremes for 23 World reference regions based on tide
gauges (TGs) observations from 1950 to 2014. We then used these observations to evaluate the fidelity of
climate models and earth system models (ESMs) participating in the Coupled Model Intercomparison Project
Phase 6 (CMIP6), using trend analysis, correlation coefficient and Root Mean Square Error (RMSE) as metrics.
Our findings show the spatial distribution of SLC varies between —10.0 and 6.52 mm/yr, with an area-weighted
global average of 1.29 + 0.32 mm/yr. Five regions display rapid increasing rates exceeding twice the global
average: E. and C. North-America, N. Central-America, W. C. Asia, and S. E. Asia. Together, these regions
constitute 26% of the total analyzed area. The CMIP6 simulations, especially ESMs, have a systematic
underestimation of SLC, compared with TGs. We found poor agreement between CMIP6 simulations and TGs
(weak correlation and larger RMSE) in subtropical North Atlantic regions and W. Central Asia. Our findings
facilitate a multifactor hazard regional analysis that includes SLC alongside temperature, precipitation, and
other parameters. It also identifies directions for future model development toward better detecting extremes
and narrowing uncertainties in sea level simulations.

Plain Language Summary There is a dire need to incorporate sea-level science into immediate
adaptation and defense plans. However, decadal extremes and uncertainties in sea level projections are unclear
at regional scales. We investigated sea-level change (SLC) extremes from observations and assessed their
uncertainties in the latest climate and earth system models, from 1950 to 2014, across the World regions. Results
show significant extremes in North and Central America and Central Asia, with SLC rates exceeding twice the
global average. Our findings highlight the need to improve models' simulations for accurate detection of SLC
extremes and uncertainties.

1. Introduction

Sea-level change (SLC) poses an escalating threat to coastal regions worldwide, with far-reaching catastrophic
consequences for human populations, coastal ecosystems, and the environment (Fox-Kemper et al., 2021).
However, the scientific community has a deep uncertainty on the magnitude and timing of SLC projections. For
example, our understanding of the contribution of land-based ice, such as the Greenland and Antarctic ice sheets
and glaciers to SLC is limited (Fox-Kemper et al., 2021). Furthermore, internal climate variability and future
forcings due to socioeconomic activities and greenhouse gas emissions are an important source of uncertainty
(Kopp et al., 2023; Palmer et al., 2020). The latest assessment of SLC by the Intergovernmental Panel on Climate
Change (IPCC) Sixth Assessment Report (AR6) reported a wide range of global mean sea level (GMSL) changes
that varied, relative to 1995-2014, between 0.38 m (likely between 0.28 and 0.55 m) and 0.77 m (likely between
0.63 and 1.01 m) by the end-21st century, depending on the Shared Socioeconomic Pathways (Fox-Kemper
et al., 2021). The ARG also presented, for the first-time, additional projections for low-probability, high-impact
scenarios, which included low confidence processes of accelerated ice sheet mass losses. The ARG, thus, provided
an additional larger range of potential and associated uncertainty in SLC projections. Such uncertainty in SLC
projections brings serious challenges for decision frameworks and coastal adaptation policies.

Previous research efforts partly explored the uncertainty of sea-level simulations in the previous phase of the
Coupled Model Intercomparison Project. Slangen et al. (2017) compared GMSL changes in 12 CMIP5 models
with tide gauge (TG) reconstructions during 1900-2007 and satellite altimetry estimates during 1993-2015. They
used Representative Concentration Pathway (RCP8.5) projections to extend the CMIPS analysis through the
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period 2005-2015. Slangen et al. (2017) explained 75% of the GMSL changes before 2007. In a companion paper,
Meyssignac et al. (2017) found a mean systematic underestimate of sea levels simulated by CMIPS, compared
with observations at 27 TGs stations distributed worldwide. The underestimate was around 0.27 mm/yr. Palmer
et al. (2020) compared mean sea level (MSL) projections in 21 CMIP5 models with 16 TG locations around the
world. They found some TGs have large departures from the global mean which emphasized the importance of
studying local variability of SLC. Deepa et al. (2021) assessed variability of CMIP5 sea level simulations, through
2100, over the Indo-Pacific Ocean. They found some variations in the amplitude and inter-model disagreement.
For the period 2007-2018, Wang et al. (2021) reported an approximate identical trend, within the 90% confidence
level, between sea level projections in the IPCC fifth Assessment Report (ARS), the IPCC's Special Report on the
Ocean and Cryosphere in a Changing Climate, and TGs and satellite observations. The previously mentioned
efforts focused on the CMIP5 models.

Using the latest Coupled Model Intercomparison Project Phase 6 (CMIP6) models, Lyu et al. (2020) assessed
ocean dynamic sea level (DSL) simulations in CMIP6 models against observations. They showed a positive bias
in DSL projections over the North Atlantic and Arctic. Similarly, C. Jin et al. (2023) evaluated the performance of
CMIP6 simulations of global DSL, compared to CMIP5 simulations. They concluded some CMIP6 models
perform better in detecting climatological norms as well as seasonal and interannual variability, but not decadal
variability. Chen et al. (2023) assessed the performance of CMIP6 simulations of the climatological mean and
interannual variance of DSL over the 40°S—40°N region. They found a large bias and model discrepancy in the
North Atlantic subtropical region. Ferrero et al. (2021) evaluated the changes in DSL projections in CMIP6
models through 2100 using outputs from a 50-member CanESMS5 ensemble as well as an ensemble of 27 other
models. They highlighted the changes between DSL projections under different emission scenarios. C. Jin
etal. (2024) categorized uncertainty sources in DSL projections from CMIP6 and an FGOALS-g3 large-ensemble
experiment into internal variability, intermodel, and scenario-based uncertainty. They found a dominant
contribution by intermodel uncertainty at basin and regional scales, in general. Other efforts aimed to analyze the
risk associated with extreme sea levels with concurrent heatwaves (Zhou & Wang, 2024), storm surge and wave
activity (Jevrejeva et al., 2023). Some literature studied SLC over specific regions, such as the North Sea (Jesse
et al., 2024), Southeast Asia (Y. Jin et al., 2023), the Indian Ocean (Sajidh & Chatterjee, 2023; Sreeraj
et al., 2022), and the UK shelf seas (Bulgin et al., 2023). For instance, Jesse et al. (2024) aimed to understand the
processes that affect DSL changes in CMIP5 and CMIP6 simulations over the North Sea region. They found the
Atlantic meridional overturning circulation to be an important predictor of regional dynamic SLC in CMIP6
models. Sajidh and Chatterjee (2023) assessed the performance of CMIP6 models over the Indian Ocean and
found that CMIP6 models simulate the historical mean state of DSL reasonably well, but model skill varies across
the latitude band of the Indian Ocean. Using high-resolution ocean simulations from MPI-ESM-ER (at
approximately 0.1° grid resolution), C. Jin et al. (2023) and Y. Jin et al. (2023) aimed to understand the trend and
variability of sea levels over Southeast Asia. They found the region to be extremely influenced by the El-Nino
Southern Oscillation variability.

While much work has been done to assess CMIP6 simulations at various regional scales around the world, there is
still much uncertainty left to address. There are several drivers of local differences in SLC, such as local
meteorology, ocean volume (due to temperature variations), active local tectonic movement and anthropogenic
activities for example, groundwater and gas extraction (Fox-Kemper et al., 2021). If CMIP6 models cannot
replicate historical local observation, which is expected as they are meant to represent climate-scale and may not
capture temporal and spatial variations of SLC at regional scales, then raising concerns regarding the skill of these
models to project future SLC over uncertain regions is imperative. Such knowledge helps us identify directions
for future model development toward improved detection of extremes and narrowing of uncertainties in sea level
simulations.

In this study, we aim to (a) identify decadal extremes of SLC as observed by TGs and (b) evaluate the fidelity of
SLC simulations in the latest CMIP6 experiment during 1950-2014. Since the configuration of climate models
(CMs) is different than (earth system models [ESMs]) with regard to the modeled physics (see Séférian
et al. (2019) for a comparison between CNRM-CM6-1 and CNRM-ESM2-1), we differentiate between both
configurations while assessing CMIP6 data. A multi-model ensemble mean was created from 12 CMs (CMs
MEM) and a multi-model ensemble mean was created from 14 ESMs (ESMs MEM). This study contributes to the
existing literature in two ways. First, the regional analysis conducted in this study includes 23 World reference
regions, as defined by the IPCC AR6 and documented by Iturbide et al. (2020). This can facilitate a multifactor
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Figure 1. The locations of the Permanent Service for Mean Sea Level tide gauge (TG) stations within the Intergovernmental
Panel on Climate Change ARG reference regions (Iturbide et al., 2020). Hollow circles mark the locations of all TG stations
while the 183 filtered TGs remaining after quality check, are marked by green circles and their regions are labeled with
acronyms.

hazard analysis by including sea level alongside temperature and precipitation. Second, this study primarily
focuses on a 20-year time interval window and thus makes the trends more sensible from a regional perspective
through filtering out global modes of climate variability that would differ between the climate models and the
observations (Lee et al., 2021).

2. Data

We use three sources of data: TG observations, satellite estimates, and CMIP6 simulations. Specific details about
these sources are given below.

2.1. TGs Observations

We used monthly worldwide TGs data that is sourced from the Permanent Service for Mean Sea Level (PSMSL)
(Holgate et al., 2013). Stations that are located in the polar regions were excluded and only those between 65°S
and 65°N had undergone a three-step quality control to ensure data reliability. First, TGs that are missing over
20 years of data (30% of the study period) were rejected. Second, TGs with consequent missing records spanning
more than 10 years were excluded from the analysis. Third, TG records that exhibit a sudden sea-level jump
exceeding 50 cm between two consecutive months were disregarded. Following these quality control procedures,
atotal of 183 TG stations remained available for subsequent analysis, with their geographic locations illustrated in
Figure 1. Information on the latitude, longitude, names, and locations of these TGs are summarized in Table S1 in
Supporting Information S1. Of the filtered TG stations, some stations still had a gap in their observations. These
gaps were not filled.

The PSMSL records are originally reduced to a revised local reference datum (~7 m below MSL) to avoid
negative numbers in the resulting mean values (Holgate et al., 2013). Therefore, records were corrected and
prepared for later comparison of relative SLC with CMIP6 models (see Section 2.3).

2.2. Satellite Estimates

We used satellite altimetry to compare SLC after 1993. Unlike TGs, satellite measures geocentric sea level only
and hence are not influenced by Vertical Land Motion (VLM). Therefore, local VLM is typically inferred as the
difference between TGs and satellite estimates (Gregory et al., 2019; Woppelmann & Marcos, 2016). It is
calculated as per Equation 1
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AR(r) = An(r) — AF(r) (1)

Where AR(r) represents the relative SLC, An(r) is the geocentric SLC, and AF(7) is the VLM. We obtained VLM
rates as a function of time determined by the Nevada Geodetic Laboratory (NGL). The NGL utilized existing
networks of Global Navigation Satellite Systems (GNSS), TGs, and altimetry data to provide robust interpolated
VLM approximates at PSMSL TGs locations. The analysis methods and estimate strategy are documented in
Hammond et al. (2016, 2021). For altimetry data, the gridded monthly anomalies of sea level, with respect to the
1993-2012 mean, were acquired from the European Centre for Medium-Range Weather Forecasts (ECMWEF)
Copernicus Marine Service (CMEMS, 2018). The CMEMS data are based on observations from multiple
altimeter missions from GEOSAT to Jason-3. Data are provided on a 0.25° X 0.25° spatial grids, covering the
period between January 1993 and August 2022 (acquired until December 2014, in this study, to enable com-
parison with CMIP6 simulations). The inverse barometer (IB) effect is initially removed from CMEMS altimetry
data; however, data have not been corrected for Earth Gravity, Earth Rotation, and viscoelastic solid-Earth
Deformation (GRD) effect (CMEMS, 2018). Therefore, we removed the GRD effect by subtracting the NGL
estimates from the satellite altimetry. Next, the long-term seasonal signal (annual and semi-annual) was removed,
and a 5-month running-mean filter was applied to avoid noise in monthly data. The time series altimetry estimates
were extracted from the nearest available gridpoint to the coordinates of the filtered TGs.

2.3. CMIP6 Simulations

Monthly sea-level simulations, during 1950-2014 were obtained from 12 CMs to 14 ESMs participating in the
CMIP6 (Table S2 in Supporting Information S1). We selected the first realization (r1ilp1f1) from each model. In
CMIP6, the ocean dynamic SLC (A¢) is named “zos” and is defined as sea surface height above geoid, while the
global-mean thermosteric SLC (4,) is named “zostoga” and is defined as the part of global mean SLC due to
thermal expansion (Gregory et al., 2019). By definition, the DSL should always have zero global mean in CMIP6
models. Therefore, for each model, we first removed the global mean from original values, if found to be non-
zero. The drifts in CMIP6 models were then removed from “zos” and “zostoga” variables using piControl
simulations of corresponding runs. Since historical simulations are branched from a specific time in pre-industrial
control runs, we identified this time and found the pre-industrial period that runs parallel to the historical sim-
ulations. Then, the long-term linear trend of piControl data was removed from historical simulations. Then, the
long-term mean seasonal cycle was removed, and a 5-month running-mean filter was applied (Wang et al., 2021).
Previous calculations were made for each CMIP6 model. All models were then bilinearly interpolated to a
common grid resolution of 0.5° X 0.5° and used to compute the CMs MEM and ESMs MEM. We calculated the
sterodynamic SLC (AZ) as the sum of the ocean dynamic SLC and global-mean thermosteric SLC (k).

AZ(r) = AL(r) + hy @

Next, the simulations from each CMIP6 model, as well as from each of the CMIP6 MEMs, were extracted at
filtered TGs locations using the nearest gridpoint to the coordinates of the TGs. We recognize that /, calculations
in CMs are different from ESMs Séférian et al. (2019). Figure 2 compares global-mean thermosteric SLC (h,) as
estimated by CMs and ESMs. Note that one CM (GISS-E2-1-H) has significant different estimates for 4, changes,
relative to other CMs.

TGs measure relative SLC, so to compare relative SLC with CMIP6 simulations, the barystatic sea level effect,
the GRD effect, and the inverted barometer effect should be removed, as per Equation 3 (Gregory et al., 2019)

SLC(r) = AZ(r) + h, + AT (r) — IB(r) 3)
Where AR(r) represents the sterodynamic SLC, 4, is the barystatic SLC (see below), AI" is the GRD effect, and IB
is the inverted barometer correction.

The barystatic SLC, also known as mass-driven SLC, is the part of GMSL rise which is due to the addition to (or
the removal from) the ocean water mass that formerly resided within the land area or in the atmosphere. It is
computed as per Equation 4
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Figure 2. Comparison between global-mean thermosteric sea-level change (k) as estimated by (a) climate models (CMs) and
(b) earth system models (ESMs). The standard deviation of 4, changes among CMs and ESMs is shown in panels (c, d).
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Where AM is the change in mass of the global ocean (from all contributors), p,is freshwater density, while A is the
ocean surface area (Gregory et al., 2019). The AM is calculated as the sum of SLC resulted from mass variations
from land-ice (e.g., ice sheets, glaciers, etc.) and land water storage “LWS” (also called terrestrial water storage
“TWS”), which represents the water stored as groundwater, soil moisture, reservoirs, lakes and rivers, seasonal
snow and permafrost. Note that according to Gregory et al. (2019), the GRD label is a concept that unifies Glacial
isostatic adjustment (GIA), and the contemporary GRD. It represents continuing changes in the solid Earth caused
by past changes in land ice.

In this study, we got the barystatic SLC and GRD effect from 1950 to 2014 from Frederikse et al. (2020). To
compute barystatic SLC, Frederikse et al. (2020) summed out mass changes from glaciers, ice sheets, TWS, water
impoundment in artificial reservoirs, and groundwater depletion. Frederikse et al. (2020) used an ensemble of
GIA estimates, providing a 128,000-member ensemble of predictions, computed by varying solid-Earth pa-
rameters (lithosphere thickness and mantle viscosities) and amplitudes of global deglaciation histories over the
past 20,000 years. Each ensemble member consistently provided variations in relative sea level, solid-Earth
deformation and changes in equivalent water height. These were used to correct GRACE satellite observa-
tions. Each ensemble member also comes with a likelihood that reflects how good the fit is to a data set of vertical
GNSS velocities and paleo sea-level records.

Most CMIP6 models have “zos” simulations not corrected for the IB effect. For uncorrected models, we estimated
IB variations between 1950 and 2014 from sea-level pressure model outputs. The IB variations were calculated
following Ponte (2006) equation:

Pa a
B(r) = — P ©)

where IB(r) is the inverted barometer contribution to sea level, P, is the atmospheric pressure at sea level, P, is the
global mean ocean surface pressure, approximately 1,013 hPa. The p represents the ocean density and g is the
gravitational acceleration constant. Similar to barystatic SLC and GRD, the IB(r) values were mapped to TGs
locations using the nearest neighbor interpolation considering only ocean grid cells.
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3. Methods

Regional analysis was performed following the IPCC AR6 definition of regions (Iturbide et al., 2020). Polar
regions and regions that have no coastlines were excluded while the remaining regions were processed further if
they include filtered TGs. See Table S2 in Supporting Information S1 for remaining regions while refer to Iturbide
et al. (2020) for the rationale definitions and homogeneity analysis. The filtered TGs were located among 23
regions (see Figure 1). The eastern coast of the Atlantic Ocean contained the highest number of TGs (65 TGs). Of
these TGs: 41 (N. Europe), 9 (West and Central-Europe), 14 (Mediterranean), and 1 (Sahara). The western coast
of the Atlantic Ocean contained 38 TGs: 1 (Greenland), 1 (N. E. North-America), 1 (C. North-America), 32 (E.
North-America), 2 (Caribbean), and 2 (S.E. South-America). The eastern coast of the Pacific Ocean contained
30 TGs: 8 (N.W. North-America), 13 (W. North-America), 5 (N. Central-America), 1 (S. Central-America), and 3
(S.W. South-America). The western coast of the Pacific Ocean contained 45 TGs: 2 (Russian-Far-East), 28 (E.
Asia), 6 (S.E. Asia), 2 (E. Australia), 4 (S. Australia), and 3 (New Zeeland). South Asia has 4 TGs on the Indian
Ocean coastlines.

To represent the regional trend of SLC in regions that have more than one TG, the multivariate technique of
Principal Component Analysis (PCA) was performed, relying on TGs data. The PCA aimed to represent all
locations in the same region by principal components (PCs) with minimum loss of information. In each region,
eigenvalues were plotted against component numbers, and we noticed the percentage of variance. We found that if
the eigenvalues remaining after the first principal component (PC1) were less than 1, there is a percentage of
variance that exceeds at least 77%. This means the first PC can explain >77% of the variance in the data.
Therefore, we considered the PC1 sufficient to explain the total variance, and the PC1 was used to represent the
region. Otherwise, we used the average of all TGs to indicate mean regional changes. Further information about
PCA can be found in Rencher (2005). Note the results of PCA derived from TGs (i.e., PC1s) were applied to
generate regional trends in CM and ESM. The PCA was not performed on the CM and ESM separately.

The research step-wise methodology included three steps. First, we highlighted global hotspots for SLC extremes
using two metrics: sea level departures (SLDs) and linear trends. The SLDs were quantified as the departures of
annual SLC from the long-term trend, following (Yin, 2023). The long-term linear trend is based on the whole
study period (i.e., 1950-2014). Thresholds applied to the standard deviation (¢) were used to delineate extreme
departures. We recognize that sea-level extremes are usually studied on local weather-driven time scales (hourly
or sub hourly data) and often include contribution by waves, tides, and surge. However, we could not find reliable
sea-level observations on a weather time scale over the chosen World regions since 1950. The Global Extreme
Sea Level Analysis (GESLA) project might be the biggest high-frequency SLC data set (i.e., hourly and sub-
hourly) from 36 international and national data providers (Haigh et al., 2023). However, GESLA data have no
special and temporal coverage over the study period and the World reference regions we analyzed in this study
(see Figure S4 in Supporting Information S1). Therefore, we identified sea-level decadal extremes using monthly
data. Second, we computed the standard deviation of SLC among models to quantify SLC uncertainty in the
MEMs. Regions with larger standard deviations were considered to have less fidelity in SLC simulations. Finally,
we divided the study period into three intervals: 19501970, 1971-1992, and 1993-2014 (Another definition of
these intervals is presented in Figures S1-S3 in Supporting Information S1, including periods 1950-1980, 1960—
1980, and 1981-2014). Three diagnostics were then used to compare CMs MEM and ESMs MEM with TG
observations, and hence assess how well models perform, compared to TGs. These diagnostics are the linear
trend, correlation, and the Root Mean Square Error (RMSE). To approximate the uncertainty in the trend of SLC,
we implemented the bootstrap sampling bias-corrected and accelerated method with replacement, resampling
values 1,000 times. The correlation coefficient was used to compare the temporal trends of observed and
simulated SLC. The trend uncertainty, correlation coefficient, and RMSE metrics were used to indicate simu-
lation fidelity and, hence, highlight ambiguous regions as those having large RMSE and low correlation. To make
the intercomparison manageable, we compared MEMs with TGs, rather than comparing individual models,
aligning with the overall aim of this study. For all diagnostics, the global average was computed as the area-
weighted mean.
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Figure 3. Monthly sea-level change (SLC) as observed by tide gauges (TGs) stations (black line), estimated by satellite altimeters (dark blue line), and simulated by
climate models (red lines) and earth system models (light blue lines). The numbers of TGs stations used for calculating regional SLC are shown in the bottom left corners
of panels. All panels have identical y-axis. Units: m.

4. Results
4.1. Regional Timeseries

Regional time series of SLC from TGs and CMIP6 models is presented in two figures. Figure 3 depicts SLCin 11
reference regions along the Pacific Ocean coastline, while the other 12 regions, which are along the Atlantic and
Indian Oceans coastlines, are shown in Figure 4. The CMIP6 simulations generally agree with the TGs timeseries.
However, some discrepancy is clear between CMs and ESMs simulations and TGs records where TGs show
higher records of SLC compared to CMIP6 models from 1950 to 2014. The models do not correctly represent the
trends in most regions. The interannual variations of SLC in CMIP6 models are relatively large in the equatorial
Pacific regions that are located between 30°S and 30°N, for example, S. and N. Central-America, N. South-
America, and E. and Southeast Asia. The interannual variations of SLC, with TGs, were bigger in CMs
compared with ESMs.

Figure 4 shows that ESMs are largely consistent with the simulated trend of SLC with minimal differences
compared with CMs. However, models fail to capture SLC represented by TGs in some reference regions. There
are large interannual SLC variations in the S. E. South-America, Mediterranean, W.C. Asia, and north Atlantic
regions, for example, N. Europe, Greenland, and N. E. North-America. The locations of poorer agreement be-
tween SLC observations and CMIP6 simulations include early periods in Greenland, and C. North-America, and
W.C. Asia. In some regions, there are substantial variations among the observed inter-annual variability of SLC
between regions.

4.2. Sea Level Extremes

We identified global extremes hotspots of SLC as regions where, after removing the long-term linear trend,
annual SLDs from TGs exceed three times regional standard deviation (30), at least once during the 1950-2014
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Figure 4. Same as Figure 3 but for regions coasted by the Atlantic and Indian Oceans.

timeframe. Note the 36 threshold was set as a criterion identifying sea level extremes, following precedent set in
Yin (2023); however, we acknowledge that this approach assumes a symmetric Gaussian distribution of SLD with
a zero-mean over time, which may not be present in these data.

Figure 5 shows SLD in regions along the coastline of the Pacific Ocean. Four regions satisfied this condition and
broke the threshold of a 3¢ annual departure. These regions are W. North-America, N. Central-America, S.
Central-America, and E. Australia. In W. North-America, the departure of annual sea level spiked in two sub-
sequent years in the 1980s and 1990s. The year 1997 represented the largest departure from the long-term trend
line. In N. Central-America, the SLD was maximum in 2014, while before 2014, the departure was not exceeding
the 3¢ threshold. On the S. Central-America coast, the SLD spikes in 2005. A similar spike (exceeding 30) was
observed in E. Australia in 2013. Annual SLDs from the long-term linear trends exceeded 2¢ only during the last
2 decades in six regions. These regions are S. W. South-America, Russian-Far-East, E. Asia, New-Zealand, N. W.
North-America, and S. E. Asia. The SLD exceeded the 20 threshold once in Russian-Far-East (2014). SLD
exceeded the 20 threshold in E. Asia in all years after 2012, while in the S. Australia region, the single-o threshold
was not broken yet as of 2014.

Figure 6 depicts SLDs in regions along the Atlantic and Indian Oceans. Annual sea levels depart from the 1950-
2014 linear trend by 3¢ in four regions: Caribbean, West and Central-Europe, S. E. South-America, and the
Mediterranean. In the Caribbean, SLDs exceeded 3¢ from the long-term trend in three sequent years: 2012-2014.
In West and Central-Europe (S. E. South-America), annual SLD broke the 3¢ threshold only once (two times). In
the Mediterranean, the period after 1995 was unprecedented compared to previous years and the 3¢ threshold was
broken in 2011. Even though, the SLD had exceeded the single-o threshold in only one previous year (1970). This
means sea level extremes in the mediterranean region were higher during the last 2 decades, compared to previous
periods.

4.3. SLC Uncertainty in the MEMs

To assess the fidelity of SLC in the models MEM, the standard deviations of SLC among CMs and ESMs MEMs
were calculated. Figure 7 depicts the standard deviations of SLC in the world regions along the coastline of the
Pacific Ocean. Models in the ESM ensemble agree with each others on the evolution of SLC better than models in
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Figure 5. Regional annual sea level departure (SLD) (Units: m) from the long-term linear trends (1950-2014) in regions
coasted by the Pacific Ocean. Horizontal lines mark standard deviation (o) thresholds. Calculations of SLDs are based on tide
gauges.

the CM ensemble, with standard deviation does not exceed 0.35 m in most regions, on average. Only in three
regions (E. Australia, S. Australia, and S. E. Asia), the standard deviation was high, indicating larger disagree-
ment among the ESM simulations over these regions for these years. Conversely, there is, on average, a larger
spread in CM show simulations of SLC. The N. W. North-America, S. Australia, S. E. Asia, and E. Asia had a
larger spread among CM models when compared to the other regions. The mean standard deviation was 0.38 m in
N. W. North-America, reaching its maximum of 0.45 m in 1965. In S. E. Asia, the mean standard deviation was
0.51 m. The CMs were also less confident on SLC in S. Australia and E. Asia compared to other regions
(mean = 0.30 and 0.35 m, respectively).

The standard deviation of SLC among CMs and ESMs in other regions that are along the coast of the Atlantic and
Indian Oceans, is shown in Figure 8. The CMs show low fidelity on SLC over most regions, compared with
ESMs, especially in W. C. Asia, the Mediterranean, and N. Europe. In N. Europe, a large spread is found in the
model ensembles with a mean standard deviation of 1.0 m in CMs while 0.23 m in ESMs. The standard deviation
among CMs reached a high value in W. C. Asia (i.e., 4.2 m). In N. E. North-America, the mean standard deviation
was 0.33 m in CMs but 0.27 m in ESMs. Maximum values of standard deviation in N. E. North-America were
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Figure 6. Same as Figure 5 but other regions coasted by the Atlantic and Indian Ocean.

observed in 2003. In E. North-America, CMs (ESMs) models had a mean standard deviation of ~0.25 m. The
inconsistency among CMIP6 models may arise due to differences in model inputs and physics, initial conditions,
parameterizations, and representation of natural variability (Fox-Kemper et al., 2021).
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Figure 7. Regional standard deviation of sea-level change among climate models and earth system models during 1950-2014 in the Intergovernmental Panel on Climate
Change ARG regions along the coastline of the Pacific Ocean. Mean values of standard deviation are in the top right corners. Units: m.
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Figure 8. Same as Figure 7 but for regions that are along the coastline of the Atlantic and Indian Oceans.

AJJUR ET AL. 11 of 19

85UB017 SUOLUWIOD 3A1Ie.10 8(cedl|dde au Ag peusenob ake sjoiie YO ‘8sn JO Sa|nJ 1oy Akeid 18Ul JUO A8]IAA UO (SUOIPUOD-PUR-SULLBILI0D" A3 1M AleIq 1 [BUl [UO//SANU) SUORIPUOD pUe SLue | 8L 88S *[5202/60/9T] Uo ARiqiauluo A8 |IM ‘Al AusieAlun umoig Ad 2000 VaS202/620T OT/I0p/w0D e M Ariq1euljuo'sgndnBe//:sdny wouy pepeojumod ‘6 ‘SZ0Z ‘80SEEEZ



N\\I Earth and Space Science 10.1029/2025EA004402

ADVANCING EARTH
AND SPACE SCIENCES

Linear trend of SLCs (mm/yr)

(a) during 1950-1970 (b) during 1971-1992 (c) during 1993-2014 (d) during 1950-2014
W.North-America r WNA - ] WNA - WNA - kB
West&Central-Europe r WCE + - WCE + f— WCE - -
W.C Asia — WCA - [r— WCA + = WCA [r—
S.W.South-America - - SWS - - SWS — SWS - ™
S.E.South-America = SES 4 . SES + -— SES r
S.E.Asia r SEA A SEA  p— SEA
S.Central-America - - SCA 4 B SCA - -_— SCA -
S.Australia 4 - SAU A SAU f— SAU A r
S.Asia r SAS B SAS f— SAS - .-
Sahara SAH ] SAH f— SAH F
Russian-Far-East 4 RFE = RFE - —— RFE B
New-Zealand - r NZ 4 - NZ — NZ 4 -
N.W.North-America - NWN B NWN + e NWN —
N.Europe r NEU - - NEU + — NEU - r
N.E.North-America 4 — N N | — NEN + —_— NEN - —
N.Central-America - NCA - — NCA + NCA - |
Mediterranean - MED ] MED - = MED - .-
Greenland/Iceland - GICH — GIC + GIC H —-
E.North-America -{ - ENA H - ENA - ENA - —
E.Australia 4 EAU + ] EAU + EAU + r
E.Asia = EAS - -] EAS - EAS - -
C.North-America 4 e CNA 4 — CNA 4 = CNA 4 —
Caribbean - r CAR F CAR + = CAR + .
-5 -0 -5 0 5 -5 -0 -5 0 5 5 -0 -5 0 5 -5 10 -5 0 5
Global average = 0.26 + 0.12 mm Slobal average = 0.56 + 0.05 mm Global average = 0 0.05 m Slob rage = 0.51 + 0.03 mm
Global average = 0.29 £ 0.11 mm/yr Global average = 0.57 + 0.06 mm/yr Global average = 0.82  0.05 mm/yr Global average = 0.52 + 0.03 mm/yr
Global average = 0.33 + 1.24 mm/yr Global average = 0.94 £ 1.31 mm/yr Global average = 2.98 + 1.41 mm/yr Global average = 1.29 + 0.32 mm/yr

Global average = 3.09 + 0.37 mm/yr
Esvs [l cvs Il 7Gs M Sat |

Figure 9. The linear trend of regional sea-level change in tide gauges and climate models and earth system models MEMs. Columns show values during (a) 1950-1970,
(b) 1971-1992, and (c) 1993-2014. Whereas column (d) shows values during the whole study period.

4.4. Comparison Between CMIP6 and TGs

The confidence of CMs and ESMs MEMs on SLC that we noticed in Figures 7 and 8 may not mean the reliability
of models' simulations. Therefore, we examined the reliability of CMIP6 simulations through a comparison with
TGs observations. Figure 9 compares the linear trends of SLC in TGs, CMs and ESMs during four periods: 1950—

Correlation Analysis
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Figure 10. Same as Figure 9 but for trend correlation between tide gauges and climate models and earth system models MEMs.
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Figure 11. Same as Figure 9 but for the Root Mean Square Error.

1970, 1971-1992, 1993-2014, and 1950-2014. Whereas Figures 10 and 11 compare the correlation and RMSE
between CMs MEM and ESMs MEM, and TGs observations.

Sea level is generally increasing with time in TGs and CMIP6 models, with an intensification that is unequivocal
among regions, as Figure 9 shows. Regarding TGs, the global weighted-average increased from 0.33 £ 1.24 mm/
yr during 1950-1970 to 0.94 + 1.31 mm/yr during 1971-1992 and 2.98 + 1.41 mm/yr during the satellite era.
During the whole analyzed period (1950-2014), SLC intensified by an average rate of 1.29 + 0.32 mm/yr in TGs.
It varied between —9.98 + 0.34 mm/yr in N. E. North-America to 6.52 £ 0.26 mm/yr in C. North-America.
Agreement is evident between satellite and TGs trends during 1993-2014 as satellite reported a similar trend of
3 + 0.37 mm/yr. Five regions display rapid increasing rates that were +100% over the global mean (hereafter
known as hotspots). These hotspots are C. North-America (6.52 + 0.26 mm/yr), S.E. Asia (5.49 + 0.48 mm/yr),
W.C. Asia (597 £ 0.38 mm/yr), E. North-America (3.03 x 0.23 mm/yr), and N. Central-America
(2.76 £+ 0.24 mm/yr). Together these regions constitute 26% of the total analyzed area. The trend of SLC was
above the global average in three other regions: Caribbean, E. Asia, and Greenland. In N. W. North-America, the
sea level was decreasing at a rate of —3.85 + 0.56 mm/yr, while most other regions had an increasing trend of SLC
that did not exceed the global average.

The CMIP6 simulations, generally, confirm the observed increasing trend of sea level in TGs but with some
differences (mostly mean systematic underestimation) along coasts. While TGs reported a global average SLC of
1.29 + 0.32 mm/yr during 1950-2014, the trend was ~0.5 £ 0.03 mm/yr in CMs and ESMs MEMs. During 1950—
1970, TGs reported a trend of 0.33 = 1.42 mm/yr, while CMs and ESMs simulated a trend of 0.29 + 0.11 and
0.26 + 0.12 mm/yr, respectively. Similar inconsistency can be noticed during 1971-1992 and 1993-2014 periods
where TGs reported higher global average than CMs and ESMs simulate. Inconsistencies between CMIP6 models
and observations are evident at regional scale, as well. During 1950-2014, N. E. North-America had a decreasing
trend of —9.98 mm/yr from TGs. Whereas CMs and ESMs reported increasing trends of 0.51 mm/yr. Similarly, in
C. North-America, TGs reported an increasing trend of 6.52 mm/yr during 1950-2014, while CMs and ESMs
MEMs simulated under related trends of 0.59 and 0.51 mm/yr, respectively.

To define uncertain regions of sea-level simulations, we calculated the correlation coefficient and RMSE between
observations and CMIP6 models. Figure 10 shows the correlation between TGs, and CMs and ESMs MEMs
during 1950-1970, 1971-1992, 1993-2014, and 1950-2014. It also shows correlations between TGs observations
and satellite estimates during 1993-2014. There was a strong correlation between TGs and satellite estimates. It
exceeded 0.7 in eight regions, hitting 0.94 in S. Australia, 0.86 in Caribbean, 0.82 in C. North-America, and 0.78
in W. North-America. Most other regions had a correlation that exceeded 0.5. However, some regions have a low
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Figure 12. (a, b) Global hotspots for sea level extremes, (c—e) uncertainties from climate models, and (f-h) earth system models during 1950 and 2014, over the analyzed

regions.

correlation between satellite records and TGs observations, reaching <0.2 in S. Central-America, S. Asia, S. E.
Asia, S. W. South-America, and W. C. Asia. Negative correlation was found in two regions: N. E. North-America
(—0.37) and Sahara (—0.41). This might be attributed to the misrepresentation of more localized-scale VLM data
over these regions as well as possible errors resulting from interpolating satellite data. The representation of VLM
data might be satisfying in other regions since correlation was strong. Regarding CMIP6 models, the CMs have
better correlation with TGs on average, if compared with ESMs. During 1950-2014, the correlation coefficient
between TGs and CMs had a global average of 0.11. On the other hand, the correlation between ESMs and TGs
was only 0.03.

Figure 11 depicts the RMSE values between different data sets. Except with satellite data where RMSE was very
small, the global weighted average RMSE between TGs, and CMs and ESMs varied between 0.04 and 0.05 m,
with little differences among periods. Regions with large RMSE between TGs and CMs are mostly identical to
those that have low correlations. The CMIP6 historical simulations over these regions have higher uncertainty,
thus diminishing the reliability of their sea level simulations.

5. Summary and Discussion

Hundreds of millions of people live in coastal low-lying areas and face a growing frequency and severity of
coastal flooding due to SLC every year (Kulp & Strauss, 2019; Nicholls et al., 2021). The global trend of MSL,
described in previous literature, is inadequate to explain the rapid acceleration in some regions. Therefore, a
detailed analysis of sea level extremes and uncertainty, over the IPCC reference regions as this study presented, is
required. Figure 12 summarized the research results. It depicts global hotspots of sea level extremes and un-
certainties during the whole period. Extreme hotspots were defined as regions where SLD and trend estimations
from TGs are the highest (Figures 12a and 12b). Whereas uncertain regions are defined based on three categories:
standard deviation among models (Figures 12c and 12f), correlation between the TGs observations and MEM
(Figures 12d and 12g), and RMSE between TGs observations and MEM (Figures 12e and 12h).

Global hotspots for sea level extremes are shown in Figures 12a and 12b. In Figure 12a, if SLDs exceeded 3¢ (20),
extremes were considered high (medium). Otherwise, extremes were considered “low.” Identical hotspots for
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SLD included regions that are mainly located in North and Central America, Mediterranean, West and Central-
Europe, and E. Australia. Regarding trend analysis (Figure 12b), we considered regions that had an intensification
exceeding two times the global average of 1.29 + 0.32 mm/yr as high extremes regions. Around 26% of the
regions included in this study satisfied this condition having a SLC > 2.6 mm/yr. These regions are E. and C.
North-America, N. Central-America, W. C. Asia, and S. E. Asia. Extremes analysis shows that the distribution of
intensification is unequivocally superimposing potential influence of internal climate variability and other local
anthropogenic factors. In some regions, for example, E. North-America, high-end SLC (extremes) coincide with
record-breaking hurricanes. These Hurricanes caused storm surges of 70-210 cm at TGs locations (Yin, 2023),
meaning that the sea level extremes had intensified hurricane storm surges and increased flood damage cost.
These extremes alarm hotspots regions that SLC adaptation measures are crucial to preserving current aims of
coastal flood protection. Note regional trends in C. North-America, E. North-America, and N. Central-America
agree with literature that reported similar increasing trends of SLC but used other sources of data. For instance,
Yin (2023) used NOAA Tides and Currents and found SLC rates that exceed 10 mm/yr in the U.S. Southeast and
Gulf Coasts. Some stations recorded similar trends in our analysis. Sallenger et al. (2012) concluded the
northeastern U.S. coast was a SLC hotspot region, during 1950-2009, with a SLC rate that exceeded the global
average. Wdowinski et al. (2016) also detected a decadal SLC rate from 3 + 2 mm/yr before 2006 to 9 + 4 mm/yr
after 2006. Sweet et al. (2021) defined the southeastern U.S. and Gulf coasts as SLC hot spots, which experienced
an extra 400%—1,100% increase in high tide floods in 2020, compared to 2000 (Sweet et al., 2021). For uncer-
tainty, both CMs and ESMs share similar hotspots, with highly uncertain regions that include subtropical North
Atlantic regions and W. Central Asia.

While the trend observed by TGs in W. C. Asia was 8.21 mm/yr during 1971-1992, it decreased to —0.25 mm/yr
during 1993-2014. During the whole period, the trend was 5.97 mm/yr. In E. North-America, the SLC observed
from TGs was 2.17 mm/yr during 1950-1970 and 1.27 mm/yr during 1971-1992 but 4.12 mm/yr during 1993—
2014. We repeated the trend analysis, correlation coefficient, and RMSE using different definitions of periods.
This time, we considered different periods of 1950-1980, 1960-1980, and 1981-2014. Results are presented in
Figures S1-S3 in Supporting Information S1. The analysis reveals that TGs rates during the defined periods
(1950-1970, 1971-1992, and 1993-2014) may not be directly comparable with each other or with the full period
between 1950 and 2014. It can be concluded that the variations in sea level trends over periods might be related to
the reason that coastal and estuarine environments are highly dynamic with several factors that might cause
regional differences in sea levels. These factors include VLM, Earth gravitational changes, ocean dynamics, and
rotation and deformation due to land ice and land-water changes (Fox-Kemper et al., 2021; Slangen et al., 2017).

Additional work can follow this study to improve regional sea level simulations in uncertain regions. The VLM
calculation might be incorrect in regions where VLM depends heavily on active tectonic movement and
anthropogenic activities (groundwater and gas extraction). As the IPCC ARG6 reports stated, there is low to
medium confidence in the VLM projections, depending on locations. Local accurate VLM assessments can lead
to more accurate SLC simulations. Uncertain regions could also utilize dynamic downscaling of Global Climate
Models (GCMs) using higher resolution atmospheric and oceanic models to resolve local changes in sea levels
and reduce (or statistically bias-correct) mean-state biases in CMIP6 models. Even though most CMIP6 models
reproduce the observed mean state of the DSL reasonably well, previous literature (Lyu et al., 2020; Sajidh &
Chatterjee, 2023) reported consistent mean states bias, when compared with observations. Dynamic downscaling
requires getting boundary conditions from higher resolution GCMs. Despite the high cost associated with such
computation, higher resolution can lead to better representation of SLC, especially in coastal areas with small-
scale tidal processes and bathymetric features (Y. Jin et al., 2021; Sannino et al., 2022). An overarching ques-
tion involving these extremes is how much they can even be attributed to forced modes of climate change and
other deterministic factors (e.g., VLM, GRD) versus (mostly ocean dynamic) internal sea level variability, the
latter being unlikely to match between observations and GCMs or ESMs in any case (which is why we use multi-
model mean and long term trends here) and at any resolution (e.g., Cheung et al., 2025). Further research can also
disclose the relationship between increasing rate of SLC and climatic parameters such as wind and atmospheric
pressure anomalies (Yin, 2023). Besides, although challenging due to the inherent complexity and multi-scale
nature of the climate system, a complete removal of natural variability from CMIP6 models is necessary for a
better understanding of the evolution of sea levels. Neither step could provide a complete improvement alone, but
incorporating all these steps can eliminate uncertainty in SLC.
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5.1. Dynamics Underpin Regional SLC

Recent progress in CMIP6 models included using physically based emulators to confirm sea level projections
consistency with the AR6-assessed Equilibrium Climate Sensitivity and global surface air temperature. It also
included significant improvement in the ocean model resolution. This led to an overall agreement between sea
level simulations in CMIP6 models and TGs observations that improved with time but still suffer in some regions.
TGs show a rapid SLC that exceeds what CMIP6 models simulate in most analyzed regions. Some uncertain
regions are apparent in Figure 12 where the correlation between TGs observations and CMIP6 models is low
while the RMSE is high. TGs records were corrected for the VLM processes and comparison between TGs and
satellite estimates were good. Therefore, the inconsistencies between TGs observations and CMIP6 models have
not totally arisen from VLM estimates; it also arose from climatic variability and other local factors, for example,
ocean dynamic, human activities.

Several studies attributed SLC to the storage of heat by oceans (Gregory et al., 2016; Smeed et al., 2018; Wilson
et al., 2016), estimating that ocean warming accounts for more than 1/3 of the global-mean SLC through thermal
expansion, and thus dominates regional changes in SLC. Observations revealed that the ocean heat content en-
counters distinct spatial variability (Cheng et al., 2022; Fox-Kemper et al., 2021). The Pacific Ocean is projected
to be the largest heat reservoir considering its size. However, the IPCC AR6 concluded a larger SLC in the
Western Pacific than in the Eastern Pacific during 1993-2018 (Fox-Kemper et al., 2021). Observations also
showed the Pacific Ocean area-averaged warming resembled the global mean and was not to be the strongest,
compared with the Atlantic and southern oceans, during 1958 and 2019 (Cheng et al., 2022). The Mediterranean
Sea area-averaged warming is observed to exceed all rates of the Pacific, Indian, and Southern Oceans (Cheng
etal., 2022). However, this study emphasizes previous findings and highlights regional differences showing some
hotspots in the Pacific, Atlantic, and Indian Oceans where SLC exceeded the Mediterranean during 1950-2014,
for example, E. and C. North-America, N. Central-America, W. C. Asia, and S. E. Asia. Bronselaer and
Zanna (2020) aimed to understand the mechanisms that govern ocean heat redistribution at regional scales,
impacting SLC. They found that, in the Atlantic Ocean (40°S—40°N) and eastern tropical Pacific Ocean, the
increase in regional SLC is attributed to the warming resulting from redistribution which is often dominated by
internal variability, which may exceed the impact of added heat storage (where forced ocean dynamic change
tends to dominate) in the fixed-circulation by >300%. Bronselaer and Zanna (2020) also found the changes in
ocean circulation might have probably cooled the subtropical gyres in the Indian and Pacific Oceans, decreasing
regional SLC. We believe there are still many complexities in projecting SLC changes and accounting for internal
variability, which should be considered when analyzing and interpreting SLC changes in atmospheric and
environmental sciences. Apart from heat and carbon storage interpretations, another reason behind spatiotemporal
variability of SLC might be the present.

6. Conclusion

To make effective decisions for SLC adaptation, one should depend on reliable future projections. However,
reliable future projections of SLC are still unfeasible from CMIP6 simulations since, as this study showed,
historical simulations are inaccurate in some regions not to mention the uncertainty associated with ice sheets
contributions and future human activities. This highlights our need for some other effective ways to produce
reliable future projections. Our analysis highlighted hotspots regions of sea level extremes and uncertainty, for
example, subtropical North Atlantic regions and W. Central Asia. Getting a better understanding of the physical
processes controlling SLC in these regions can lead to more physically based simulations with more represen-
tative ensembles, allowing to capture extremes and narrow uncertainties. Such advancement would help improve
models' confidence, enabling policymakers, coastal planners, and stakeholders to make informed decisions as
robust SLC adaptation strategies depend heavily on realistic simulations. Furthermore, extreme hotspots alarm
regions where even minor storm surges can inundate coastal low-lying areas, displacing communities and causing
extensive damage to infrastructure. On the other hand, uncertain hotspots alarm researchers and decision-makers
to interpret the results in the context of a broader range of projections to better count for the potential range of
future SLC scenarios.
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