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Abstract We perform a quadratic extrapolation of sea level on a regional scale based on satellite altimeter
observations spanning 1993.0–2023.0, including corrections for natural climate variability, vertical land
motion, and a rigorous assessment of the uncertainties associated with serially correlated formal errors, glacial
isostatic adjustment, and satellite altimeter measurement errors. The extrapolations are data‐driven and show the
trajectory of relative sea level (RSL) over the last 30 years extrapolated into the future. These extrapolations
suggest that RSL rise in 2050 relative to 2020 will be 22 ± 5 cm in the North Pacific, 19 ± 6 cm in the North
Atlantic, 17 ± 4 cm in the South Atlantic, 15 ± 5 cm in the Indian Ocean, 14 ± 5 cm in the South Pacific,
13 ± 5 cm in the Tropical Pacific, and 12 ± 4 cm in the Southern Ocean. The regional results may differ from
each other by more than 80% and differ significantly from the extrapolated global mean sea level rise of
16 ± 4 cm in most cases. The errors in these regional extrapolations are relatively narrow, and we show
significant overlap with the regional projections from the most recent IPCC Sixth Assessment Report. The
results provide an additional line of evidence when considering how representative the range of climate model
projections are in describing near‐term sea level rise and highlight the significance of regional variations in
estimates of future sea level.

Plain Language Summary Satellite altimeters have measured a global map of the sea surface
approximately every 5 days since 1993.0 (e.g., TOPEX/Poseidon, Jason‐1, Jason‐2, Jason‐3, Sentinel‐6 Michael
Freilich). We use the 30‐year record of observed sea level change to estimate the quadratic trajectory of sea level
30 years into the future, assuming that past changes will continue. We build upon previous research on global
mean sea level by considering seven ocean‐basin‐scale regions. The altimeter data are corrected for natural
climate variability and changes in the solid Earth. Until recently, it was not possible to perform quadratic
extrapolations of regional sea level rise because large‐scale modes of variability such as the El Nino Southern
Oscillation imparted large periodic perturbations to the rate and acceleration. However, after 30 years of
observation, the perturbations are starting to average out. We assess how much the rate and acceleration of sea
level rise may change in the future with a rigorous assessment of the uncertainties associated with satellite
altimeter measurement errors, GIA, and serially correlated formal errors. Ultimately, the data‐driven
extrapolations provide an independent estimate of future sea level and may aid in the selection of specific
climate model projection scenarios (i.e., AR6‐SSPs) in regional response strategies.

1. Introduction
The satellite altimeter record of sea level change is now more than 30 years in length, and the long‐term climate‐
driven change (i.e., the forced response) is beginning to emerge in the data (Fasullo & Nerem, 2018; Richter et al.,
2020). Recent work by Nerem et al. (2022) showed that the rate and acceleration of global mean sea level (GMSL)
change have become steady against the addition of new altimeter data since 2017 (i.e., the rate and acceleration of
GMSL do not change as data beyond 2017 is added to the record), and this may indicate that the observational
record is now sufficiently long for the effects of interannual to decadal variability (e.g., the El Niño Southern
Oscillation or ENSO, the Pacific Decadal Oscillation or PDO, etc.) to average out and reveal the forced response.
An acceleration in the forced response of sea level is expected based on climate model projections like the Sixth
Assessment Report from the IPCC (i.e., the AR6; Fox‐Kemper et al., 2021b), observed increases in ice mass loss
rates (e.g., Diener et al., 2021; Hugonnet et al., 2021; Velicogna et al., 2020), and is confirmed by the accelerating
GMSL time series from satellite altimetry (Nerem et al., 2022). These changes in GMSL provide an important
indicator of the changing climate, integrating the combined effects of the warming ocean, atmosphere, and
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cryosphere and have been used to estimate the near‐term trajectory of sea level rise and how it compares to model‐
based projections (e.g., Fox‐Kemper et al., 2021b; Nerem et al., 2022). Beneath the global scale change, however,
there are significant variations in the magnitude and pattern of sea level change on regional scales (e.g.,
Hamlington et al., 2020; Jevrejeva et al., 2014; Slangen et al., 2014; Sweet et al., 2017). In the following
study, we assess the regional variations in sea level change based on the 30‐year satellite altimeter record and
compare with climate model projections.

Sea level change varies on a regional scale because of spatial variations in the distribution of mass and density
changes in the oceans. The drivers of sea level change include ice sheets, glaciers, and terrestrial water storage
(i.e., mass change), thermosteric changes (i.e., density change), and the redistribution of these mass and density
changes from gravitational, rotational, and deformational effects (GRD), ocean dynamics and circulation, GIA
and other processes (e.g., Fox‐Kemper et al., 2021b; Ishii et al., 2006; Kopp et al., 2015; Mitrovica et al., 2001;
Peltier et al., 2015; Stammer et al., 2013). Moreover, regional changes in sea level and its gradients are an
important driver and indicator of changes in surface ocean currents including the Antarctic Circumpolar Current
and western boundary currents such as the Gulf Stream. Regional variations in the rate and acceleration lead to
significantly different changes in estimates of future sea level from one region to another and are therefore
important to consider. However, considering sea level on a regional rather than global scale introduces additional
challenges and complexities. For example, the natural variations that cause sea level to change on interannual to
decadal timescales can be much larger on regional compared to global spatial scales. A longer observation period
is thus required for the impact of interannual to decadal variability to average out and reveal the long‐term signal
in sea level rise when smaller spatial scales are considered. Special care is taken to separate the long‐term,
climate‐change driven trends from internal variability in the following work.

In this study, we seek to answer the following questions: (a) can the long‐term rate and acceleration of sea level
rise be extracted from the 30‐year satellite altimeter record on a regional scale? (b) how large are the uncertainties
in the regional sea level rise signals? (c) by how much do the regional quadratic extrapolations differ from each
other, from the global mean, and how do they compare with climate‐model projections? Our work is motivated by
the need for additional lines of evidence to support adaptation and mitigation to sea level change in coastal re-
gions. We present (a) quadratic extrapolations of satellite altimeter observations on a regional scale, (b) a rigorous
assessment of the uncertainties, and (c) a self‐consistent comparison between corrected altimeter data and climate
model projections.

2. Observations and Methods
The Jet Propulsion Lab MEaSUREs Gridded Sea Surface Height Anomalies Version 2205 provides a continuous
record of sea surface height across the global oceans from multiple satellite altimeter missions spanning 1993.0 to
2023.0 at smoothed five‐day intervals (TOPEX/Poseidon, Jason‐1, Jason‐2, Jason‐3, and Sentinel 6) (Fournier
et al., 2022). We consider the MEaSUREs data on a 0.33°× 0.33° spatial grid and apply a monthly average as well
as corrections for long‐term sources of vertical land motion (VLM; see Section 2.1) and internal variability (see
Section 2.2). Then, from this corrected record, we calculate the rate and acceleration in RSL at each coordinate
(Figure 1) and in ocean basin‐scale regions to produce regional extrapolations (presented later). We define the rate
and acceleration following

f (t) = b + rt +
1
2
at2 (1)

where b is the bias, r is the rate, and a is the acceleration.

2.1. Vertical Land Motion From GIA and Present‐Day Ice Mass Loss

Satellite altimeters measure geocentric sea level (GSL), which is the height of the sea surface relative to a fixed
reference frame (e.g., the mean sea surface in the case of the MEaSUREs data) (Gregory et al., 2019; Tami-
siea, 2011). Climate model projections, on the other hand, are generally presented in terms of RSL, which is the
height of the sea surface relative to the sea floor (e.g., the IPCC AR6; Fox‐Kemper et al., 2021b, Table 9.7). Since
a primary aim of the present study is to draw comparison between observation‐based extrapolations and climate
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model projections, we apply a correction for VLM to the altimeter record of GSL to convert GSL to RSL
(Frederikse et al., 2017; Gregory et al., 2019; Riva et al., 2017; Tamisiea, 2011; Vishwakarma et al., 2020),

RSL(t,θ,φ) = GSL(t,θ,φ) − VLM(t,θ,φ) (2)

where t is time, θ is latitude, and φ is longitude.

The only difference between GSL and RSL is the reference frame relative to which they are measured, such that
converting GSL to RSL requires a simple reference frame transformation, which is accomplished by subtracting
the motion of the sea floor (i.e., VLM). Climate model projections in the AR6 consider changes in RSL driven by
eight contributing processes: (a) the Greenland ice sheet (GrIS), (b) the Antarctic ice sheet (AIS), (c) glaciers, (d)
terrestrial water storage, (e) thermal expansion, (f) ocean dynamics, (g) GRD, and (h) GIA plus other sources of
long‐term VLM. In terms of GSL, the shape of the sea surface is also controlled by these eight contributing
sources identically to RSL except it is measured relative to a fixed reference rather than a deformable one. To
convert GSL from satellite altimeters to RSL as consistently with the climate models as possible, we consider
VLM driven by GIA based on ICE‐6G*VM5a (Peltier et al., 2015) and VLM driven by the ongoing GRD
response to present‐day ice mass loss at GrIS, AIS, and glaciers. This calculation accounts for the primary drivers
of VLM, although we acknowledge that the climate models also include VLM from tectonics, subsidence due to
groundwater and hydrocarbon withdrawal, and sediment compaction. However, since these have fairly short
wavelengths and averaging is applied across basin‐scale regions in the present work, we neglect these sources
of VLM.

Figure 1. The rate (top) and acceleration (bottom) of relative sea level based on the MEaSUREs Gridded Sea Surface Height
Anomalies Version 2205, corrected for (i) vertical land motion driven by glacial isostatic adjustment and present‐day ice
mass loss (Section 2.1), and (ii) internal variability following the cyclostationary empirical orthogonal function technique
(Section 2.2). Regions are abbreviated as IO (Indian Ocean), SO (Southern Ocean), NP (North Pacific), TP (Tropical
Pacific), SP (South Pacific), NA (North Atlantic), and SA (South Atlantic).
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We compute the ongoing GRD response including VLM to present‐day ice mass loss at GrIS and AIS based on
the IMBIE data (Otosaka et al., 2023 and references therein). The IMBIE data are an ideal choice for ice sheet
mass loss because (a) it extends across most of the altimeter era, and (b) it incorporates observations from multiple
remote sensing missions including GRACE, GRACE‐FO, ICESat‐1, ICESat‐2, and CryoSat‐2 as well as three
independent methods for estimating mass change (e.g., altimetry, gravimetry, and the input‐output method). We
average the IMBIE data onto annual time steps, 1992.5–2020.5, and then extrapolate quadratically onto 2021.5
and 2022.5 to cover the full time period of the altimeter record. Over this time period, the rate and acceleration of
ice mass loss at GrIS are − 187 Gt/year and − 11.1 Gt/year2, respectively, and at AIS, − 98 Gt/year and − 6.5 Gt/
year2 (Figure 2). Because IMBIE provides timeseries data for GrIS and AIS but not a spatiotemporal data set, we
distribute the ice mass loss over Greenland and Antarctica based on a normalized trend map of the JPL GRACE
mascons (Wiese et al., 2023) (Figure 2). The static ocean load is computed based on the ice mass loss on land,
uniformly distributed across the global oceans, and added to the loading history.

To compute the GRD response to present‐day ice mass loss at GrIS and AIS, the loading history is convolved with
the viscoelastic structure of the Earth. The solution computes the perturbations in the geoid, rotation axis, and

Figure 2. The surface loading history driven by ice mass loss at the Greenland ice sheet, Antarctic ice sheet, and global
glaciers from 1993 to 2023. The rates superposed on the upper panel are solved at the mean time of the timeseries (2008).
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deformation of the solid Earth surface and thus updates the static ocean load to include a dynamic ocean load (i.e.,
nonuniform sea surface height that conforms to the geoid). The solution is time‐dependent because the ice mass
loss is accelerating, and time steps are annual spanning 1992.5–2022.5. The density and elastic structure of the
Earth is based on the preliminary reference Earth model, viscosity is based on VM5a (Peltier et al., 2015) and
further details of the semianalytic model used to compute the ongoing GRD response to present‐day ice mass loss
are described by Paulson et al. (2005) and A et al. (2013).

The ongoing GRD response to ice mass loss from glaciers is computed similarly to that from GrIS and AIS.
However, the surface mass loading history for glaciers is derived from the dynamic glacier evolution model
PyGEM (Rounce et al., 2023) rather than satellite observations because the very small spatial scale of glaciers
renders them difficult to observe (e.g., a significant proportion of glaciers are on the order of 1–100 km2). We
consider glaciers in all 20 regions of the Randolph Glacier Inventory, including the peripheral glaciers of GrIS and
AIS, which are neglected in the IMBIE data set. Monthly solutions of glacier mass evolution are interpolated onto
a 0.5° × 0.5° resolution grid and averaged annually 1992.5–2022.5 over which the global glacier mass loss rate
and acceleration are − 279 Gt/year and − 8 Gt/year2, respectively (Figure 2).

Significant VLM is driven by both GIA and present‐day ice mass loss (Figure 3). Although it is common practice
to correct satellite observations for GIA to isolate changes in the ocean, VLM driven by present‐day ice mass loss
is often ignored. We suggest that future studies of RSL based on satellite observations should consider correcting
for VLM driven by present‐day ice mass loss to more accurately isolate the redistribution of water‐mass from
deformation of the solid Earth in altimeter observations. Note that this includes studies of GMSL, which are
generally based on altimeter observations corrected for GIA (e.g., Hamlington et al., 2024) but often fail to
account for the VLM effects of present‐day ice mass loss. The importance of VLM driven by present‐day ice mass
loss was previously noted by Riva et al. (2017), Frederikse et al. (2017), and Vishwakarma et al. (2020).

Ultimately, the calculation of VLM from present‐day ice mass loss plus GIA (Peltier et al., 2015) is used to
convert the altimeter record of GSL to RSL. The spatiotemporal VLM field is expanded from spherical harmonic
coefficients (lmax = 100) onto the MEaSUREs grid coordinates, interpolated onto monthly timestamps, and then
subtracted from the MEaSUREs data prior to computing the rates and accelerations used in the extrapolations.
This methodology preserves the effect of nonlinear time‐dependence of ongoing GRD on the observations from
altimetry.

2.2. Natural Climate Variability and the CSEOF Technique

We apply cyclostationary empirical orthogonal functions (CSEOFs) to identify and remove natural climate
variability from the MEaSUREs data (e.g., Hamlington et al., 2019; Strassburg et al., 2014). The CSEOF
decomposition of the MEaSUREs data produces CSEOF modes, which are comprised of a principal component
time series (PCTS) and a set of maps (i.e., loading vectors or LVs). Each mode represents a specific amount of the
variance in the original data set, where the first three modes combined explain 40% of the variance (Figure S1 in
Supporting Information S1). To reconstruct the component of the original data set that is captured by a single
CSEOF mode, the PCTS is multiplied with the loading vector (Figures S2–S4 in Supporting Information S1)
(Hamlington et al., 2011).

The CSEOF modes are much like EOF modes with one important difference: in the CSEOF technique, the LV
varies periodically in time (e.g., Hamlington et al., 2011). The benefit of the CSEOF technique is that each mode
can capture periodic variability in the spatial pattern, which is particularly well‐suited to capturing the behavior of
internal modes of variability in the climate system. We set the nested period equal to 2 years to capture ENSO and
PDO, which have previously been separated into biennial and decadal modes and account for a significant amount
of the variance in the data (Hamlington et al., 2016). Since we apply a monthly average to the MEaSUREs data
and a two‐year nested period in the CSEOF decomposition, the CSEOF decomposition produces 24 spatial maps
per mode.

Mode 1 captures the largest amount of variance in the original data set and represents the modulated annual cycle
consistent with previously published work (e.g., Hamlington et al., 2011, 2014, 2019). This is also suggested by
(a) the GMSL signal and (b) the fact that the maps for the first and second January in the loading vector look
identical and similarly for other months (Figure S2 in Supporting Information S1).
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Mode 2 and Mode 3 explain similar amounts of variance in the data and therefore appear to be coupled (Figure S1
in Supporting Information S1). Based on previously published work and the amplitude of the loading vectors in
the Tropical Pacific and North Pacific, Mode 2 and Mode 3 are likely related to ENSO and the PDO (Figures S3
and S4 in Supporting Information S1). Beyond Mode 3, the modes are not well‐separated in terms of the variance
they explain and are considered poorly resolved (Figure S1 in Supporting Information S1). Therefore, we remove
Mode 1, Mode 2, and Mode 3 from the MEaSUREs data to reduce the effects of internal variability in the ob-
servations. For a detailed description of the efficacy of the CSEOF technique at isolating the effects of internal
variability associated with ENSO and PDO, refer to Hamlington et al. (2014).

3. Results
We present the MEaSUREs data corrected for VLM and natural climate variability averaged within seven large
regions: the Indian Ocean, North Pacific, Tropical Pacific, South Pacific, North Atlantic, South Atlantic, and the
Southern Ocean (Figure 4). Averaging the data into seven large regions demonstrates that it is generally well‐fit
by a quadratic, where the acceleration in regional RSL is particularly important to the fit in the North Pacific and

Figure 3. The vertical land motion component of the GRD response to surface loading associated with glacial isostatic adjustment (top row), present‐day ice mass loss
(middle row), and the sum of the two (bottom row) in terms of the vertical velocity, vz (left column), and the accumulated total vertical displacement Δz over the time
period 1993–2023 (right column). Note that vz from ongoing GRD is nonlinear, and we present the average in time, 1993–2023, here.
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the North Atlantic. We fit the rate and acceleration using linear least squares applied to Equation 1 plus annual and
semiannual terms, and the regions are illustrated in Figure 1.

We assess the stability of the regional rates and accelerations based on the MEaSUREs data corrected for VLM
and internal variability. We estimate the regional rates and accelerations based on a varying observation period on
the basis that they will approach steady state as the interannual to decadal variability averages out to reveal the
long‐term signal (Figure 5) (Haigh et al., 2014). We assess the stability of the rate and acceleration as new data are
added to the altimeter record: (a) to investigate whether a steady state has emerged on a regional scale and (b) to
understand how much the extrapolations may change as more data is added to the record in the future.

Figure 4. The MEaSUREs data corrected for vertical land motion driven by glacial isostatic adjustment and ongoing GRD, natural climate variability, and averaged into
seven ocean basin‐scale regions. A quadratic is fit to the data in which the rate is fit at t0 = 2008 (the midpoint of the record).

Figure 5. The regional rate and acceleration based on corrected satellite altimeter data spanning 1993.0 to a variable end year (shown on the horizontal axis). Rates are
solved at t0= 2008, which is the midpoint of the complete data record spanning 1993.0–2023.0. The values of the rate and acceleration based on the complete data record
are annotated on each panel.
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The regional rates and accelerations are sensitive to the addition of new data prior to the year ∼2020. However, as
the observational record is extended, the results approach steady values in most of the regions considered,
indicating that the effects of interannual to decadal variability have begun to average out on a regional scale. In
regions where the acceleration approaches a relatively large value, the rate continues to increase as expected. The
results provide an indication of how much the quadratic extrapolations may change in the future. Average rates in
the Indian Ocean, North Pacific, Tropical Pacific, South Pacific, North Atlantic, South Atlantic, and Southern
Ocean approach steady values of 4.2 mm/year, 3.6 mm/year, 3.4 mm/year, 3.7 mm/year, 3.9 mm/year, 3.5 mm/
year, and 2.8 mm/year, respectively. Accelerations in the same regions approach steady values of 0.03 mm/year2,
0.14 mm/year2, 0.04 mm/year2, 0.03 mm/year2, 0.09 mm/year2, 0.08 mm/year2, and 0.04 mm/year2,
respectively.

Sterodynamic changes control the regional variations we observe, whereas mass‐driven or manometric changes
(Gregory et al., 2019) are much smoother and larger in scale (Figure 1; e.g., Adhikari et al., 2016). A possible
driver of the moderate to large positive accelerations observed in the North Atlantic (0.094 mm/yr2), the North
Pacific (0.141 mm/yr2), and the South Atlantic (0.078 mm/yr2) is the increasing strength of the western boundary
current (e.g., Gulf Stream) and corresponding expansion of the tropics that arises in response to climate change
(Seager & Simpson, 2016; Yang et al., 2016, 2020). Although recent work has shown that the strong positive
acceleration in the U.S. Southeast Coast and Gulf Coast represents the compounding effects of the forced
response and natural climate variability (Dangendorf et al., 2023; Zhang et al., 2024), the bimodal pattern of
acceleration in the mid‐ and far‐North Atlantic closely projects onto the subtropical and subpolar gyres, which
produce sterodynamic sea surface highs and lows, respectively (Karnauskas, 2020). Therefore, we suggest that
the strong negative acceleration in the far‐North Atlantic may be controlled similarly to that in the U.S. Southeast
and Gulf Coast, such that the average over the North Atlantic in total may not necessarily be biased high by natural
climate variability. Furthermore, strengthening of the subtropical and subpolar gyres may have implications for
the Atlantic Meridional Overturning Circulation but this bimodal pattern is not clearly discerned in the trend
pattern of the North Atlantic and warrants further investigation when longer timeseries observations are available.

The relatively low acceleration observed in the Tropical Pacific (0.035 mm/yr2) is partially the result of strong
zonal bands of positive and negative accelerations, which cancel each other between ∼0°N and ∼20°N and are
consistent with strengthening of the North Equatorial Current and the North Equatorial Counter Current, both of
which are geostrophic currents driven by tropical trade winds (e.g., Karnauskas, 2020). This result is particularly
interesting given the uncertainties surrounding the response of the Tropical Pacific mean state to climate change,
which is also linked to the tropical trade winds, where historical records indicate strengthening of the zonal
gradient in key variables such as SST consistent with the satellite altimeter observations considered here, whereas
climate models predict weakening of the zonal gradient associated with enhanced warming in the eastern
equatorial Pacific (Lee et al., 2022).

The Antarctic overturning circulation weakened significantly between 1994 and 2018 (Gunn et al., 2023), which
may reduce the rate at which warmer equatorward waters are pulled into the circumpolar current and may explain
the relatively low acceleration in sea level rise that we observe in the Southern Ocean (0.041 mm/yr2). The weak
acceleration in the South Pacific (0.032 mm/yr2) indicates that the western boundary current is relatively steady
despite global climate change.

Finally, although the acceleration in the Indian Ocean is weak on average, it is strong and positive in the north
where northward transport is blocked by the Eurasian continent. Meanwhile, the South Indian Ocean may ex-
change heat and mass with the Southern Ocean possibly explaining the deceleration of sea level rise observed
there (Dalpadado et al., 2024; Ummenhofer et al., 2021). This bimodal pattern maps onto the Indian Ocean gyre
but is approximately orthogonal to the dominant mode of natural climate variability in the region, the Indian
Ocean Dipole, which has an east‐west gradient and, furthermore, is coupled to the ENSO mode in the CSEOF
decomposition and is partially removed with it (Figure S3 in Supporting Information S1).

3.1. Error Analysis

Uncertainties are quantified following the methods of Maul and Martin (1993) to account for the lag‐1 serial
correlation of the formal errors, which are enhanced by the interannual and decadal variability that remains in the
data (Bos et al., 2014; Royston et al., 2018). Errors associated with GIA are estimated based on a 5000‐member
ensemble of GIA models from a Bayesian inversion that considers both varying ice loading histories and
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viscoelastic Earth structures (Caron et al., 2018). We compute the average VLM response in each region and each
member of the GIA model ensemble, then take the standard deviation across members to estimate the error. The
uncertainty in GIA‐driven VLM is the appropriate quantity to consider since this is what is removed from the
altimeter data (i.e., to convert GSL to RSL). Finally, measurement errors are assumed to be uniform across the
global oceans and modeled based on each potential error source, including altimeter noise, geophysical correc-
tions, orbit determination, wet troposphere corrections, precision orbit determination, intermission biases, large‐
scale drifts associated with reference frame uncertainties, and the instabilities of TOPEX/Poseidon (Ablain
et al., 2019; Nerem et al., 2022). The errors from all of these sources are modeled in a Monte Carlo simulation
with 10,000 members from which confidence limits are estimated.

The Monte Carlo simulation is performed by constructing normal distributions with mean equal to zero and
standard deviation equal to the 1‐sigma rate‐error or 1‐sigma acceleration‐error associated with each potential
error source (shown by the histogram‐style bar plot in Figure 6). We randomly sample from the normal distri-
bution of each error source and then add the sum of these samples to the best‐fit rate or acceleration 10,000 times.
The bounds within which 95% of the simulation members lay defines the composite 2‐sigma error (shown by the
box‐and‐whisker plot in Figure 6).

Based on the composite uncertainty associated with random perturbations from serially correlated formal errors,
GIA, and measurement errors (Figure 6), the regional rate of sea level rise is statistically significant in all of the
regions considered. Regional accelerations, on the other hand, are statistically significant in the South Atlantic,
North Atlantic, and North Pacific, but not the Southern Ocean, South Pacific, Tropical Pacific, nor Indian Ocean
(Figure 6). Regarding the rate uncertainty, serially correlated formal errors generally account for 15%–24% of the
total error, errors associated with GIA account for 13%–39% of the total error and measurement errors account for
39%–65% of the total error (Figure 6). Regarding the acceleration uncertainty, measurement errors and serially
correlated formal errors contribute 54%–68% and 32%–43%, respectively, and GIA contributes no error because
there is no known acceleration associated with GIA at present‐day. A longer observational record will help to
reduce both the serially correlated formal errors (e.g., as interannual to decadal variability average out to greater
degree) and the measurement errors (e.g., as increasingly sophisticated satellite altimeter missions are launched
and improvements to postprocessing techniques are made). Improvements to GIA modeling is also an active area
of research (e.g., Gomez et al., 2024).

3.2. Data‐Driven Extrapolations

The regional rates and accelerations are fit along with annual and semiannual terms and t0= 2008 (the midpoint of
the time series) using linear least squares applied to the MEaSUREs data corrected for VLM and internal vari-
ability (Figure 4). The results are then used to produce regional quadratic extrapolations of RSL from 2020 to

Figure 6. (Left) The rate and acceleration of relative sea level rise with error bars representing the composite 2σ confidence limit based on a Monte Carlo simulation of
measurement errors, serially correlated formal errors, and glacial isostatic adjustment, and (right) the 2σ error sources that contribute to the composite uncertainties.
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2050 (black lines in Figure 7). The 90% confidence limits are determined using a Monte Carlo simulation with the
composite error presented in Figure 6. The 10,000 pairs of perturbed regional rate and acceleration are extrap-
olated, and the 90% confidence limits are given by the bounds within which 90% of the extrapolations lie (gray
shaded area in Figure 7).

Figure 7. Quadratic extrapolations of relative sea level (RSL) based on the satellite altimeter record corrected for vertical land motion (VLM) and internal climate
variability in seven ocean basin‐scale regions with 90% confidence limits (black line and shading). Colored lines show the IPCC AR6 climate model projections of RSL
based on various shared socio‐economic pathways or emissions scenarios, including the summed effects of glaciers, ice sheets, terrestrial water storage, thermosteric
changes, ocean dynamics and circulation, glacial isostatic adjustment plus long‐term sources of VLM, and GRD. Dashed lines show the 90% confidence limits based on
FACTS (Kopp et al., 2023). The whiskers show the 90% confidence limits for the corrected altimeter data and AR6 projections at 2050.
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The observation‐based extrapolations are compared with climate model projections of total RSL change from the
IPCC AR6 (Fox‐Kemper et al., 2021b; Garner et al., 2021; Kopp et al., 2023). No single climate model can
compute sea level rise driven by all relevant processes yet, so the IPCC AR6 projections are comprised of seven
independent climate models of the different components driving RSL change, each of which is run many times
and incorporated in a probabilistic projection of the forced response. The climate models project RSL change
driven by (a) glaciers, (b) GrIS, (c) AIS, (d) terrestrial water storage, (e) thermosteric sea level change, (f) dy-
namic ocean topography and circulation, and (g) GIA plus other drivers of long‐term VLM, plus the GRD effects
of each of the seven contributing processes (e.g., Table 9.7 in the IPCC AR6 Chapter 9; Fox‐Kemper
et al., 2021b). We consider only the medium confidence projection data and take the average across quantiles
to produce the timseries in Figure 7.

The observation‐based extrapolations of RSL fall within the 90% confidence limits of the AR6 projections and
have a substantially narrower 90% confidence limit in comparison (Figure 7). Observation‐based extrapolations
agree better with the high‐emissions scenarios (SSP5‐8.5 and SSP3‐7.0) in the North Pacific and North Atlantic,
respectively, but agree better with the low‐end emissions scenario (SSP1‐2.6) in the remaining regions considered
(South Atlantic, Tropical Pacific, South Pacific, Southern Ocean, and Indian Ocean). The results presented in
Figure 7 and Table 1 may be used as a guide to select the most appropriate shared socio‐economic pathway (SSP)
in each region for adaptation and mitigation planning.

Regional dependence of the best‐fit SSP scenario (e.g., SSP‐5,8.5 in the North Pacific vs. SSP‐1,2.6 in the
Southern Ocean) indicates that regional variations in the observational record are stronger than those
resolved in the AR6 projections (Figure 7). This may indicate that either (a) residual internal variability
continues to impact the observational record on a regional scale or (b) the climate models contain errors.
With regards to (a), recent work has shown that the strong acceleration in sea level in the U.S. Southeast and
Gulf Coast is amplified by internal variability (Dangendorf et al., 2023; Zhang et al., 2024), a region not
specifically targeted by the CSEOF modes removed from the MEaSUREs data. However, we emphasize that
the North Atlantic region considered here encompasses a much larger area than was studied by Dangendorf
et al., or Zhang et al., such that the effects of internal variability are expected to diminish by averaging with
the far‐North Atlantic where strengthening of the subpolar gyre produces sterodynamic lows (e.g., Kar-
nauskas, 2020). We note that the confidence limits associated with the observation‐based extrapolations
overlap with multiple AR6 SSP scenarios, indicating that shortcomings in both models and observations are
well‐encompassed by the uncertainty ranges presented. With regards to (b), climate models are subject to
computational limits and therefore require physical approximations (e.g., coarse grid resolution) that may
significantly affect the results. Significant overlap within the uncertainty ranges between the two methods
confirms that these limitations are not so large as to produce divergent results. Furthermore, the significant
overlap between observed and modeled sea level may suggest that the sterodynamic component of sea level
is adequately represented in the models despite ice sheets and glaciers not being dynamically coupled to
sterodynamic sea level (Fox‐Kemper et al., 2021b).

The extrapolated sea level change in 2050 relative to 2020 is listed in Table 1 along with uncertainties and the
best‐fit SSP from the AR6 projections. The extrapolated sea level rise in 2050 is largest in the North Pacific and

Table 1
Future Relative Sea Level (RSL) Change Based on Extrapolated Satellite Altimetry and IPCC AR6 Climate Model Projections of Total RSL Change

Region
ΔRSL from 2020 to 2050 based on

extrapolated observations (cm) 90% confidence limit (cm) Best‐fit SSP from the IPCC AR6
ΔRSL from 2020 to 2050 based on

the best‐fit AR6 SSP (cm)

North Pacific 22 5 5–8.5 19

North Atlantic 19 6 3–7.0 18

South Atlantic 17 4 1–2.6 17

Indian Ocean 15 5 1–2.6 16

South Pacific 14 5 1–2.6 14

Tropical Pacific 13 5 1–2.6 16

Southern Ocean 12 4 1–2.6 12
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North Atlantic and the main driver is the magnitude of the acceleration in these regions. For example, notice that
the present‐day rate is largest in the Indian Ocean while the greatest extrapolated value of sea level change arises
in the North Pacific. This result highlights the importance of estimating and understanding the acceleration of sea
level change on a regional scale.

4. Discussion and Outlook
The results of this study can be summarized as follows: (a) the rate and acceleration of sea level rise have sta-
bilized against the addition of new data in the ocean‐basin‐scale regions considered (i.e., they appear to be in
steady state), which may indicate that the long‐term signal driven by climate change has emerged on a regional
scale in the observational record; (b) regional variations in the acceleration are particularly large (e.g., standard
deviation across the ocean basin scale regions considered is 0.057 mm/year2 or 69% of the global mean); (c) the
strong regional variations in the acceleration produce substantially larger extrapolated RSL rise in the North
Pacific and North Atlantic compared to other regions and the global mean in 2050 relative to 2020.

The regional quadratic extrapolations of sea level presented herein are based on the assumption that sea level will
continue on the trajectory that has been observed over the past 30 years for the next 30 years. This is the simplest
and most conservative assumption that we can make given the complexities of the climate system. The un-
certainties we assess provide an estimate of the range within which the trajectory may change, where regional‐
scale quadratic extrapolations of sea level rise are on the frontier of what is justified based on the 30‐year sat-
ellite altimeter record. The extrapolations presented herein do not represent the sea level rise expected at each
location within a given region but rather the average across the region as a whole. A longer, continuous record of
sea level rise will be essential for more refined extrapolations of the observational record, including the
consideration of smaller regional scales.

Observation‐based extrapolations such as those presented herein provide independent information that can be
used to select the most appropriate SSP scenario from the IPCC AR6 total RSL projections. In addition, the
uncertainty range of observation‐based extrapolated sea level rise is quite narrow compared to the range asso-
ciated with climate model projection scenarios from the AR6 report. By providing guidance around scenario
selection, observation‐based extrapolations contribute to reducing uncertainty in expected future sea level rise and
the most appropriate response.
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