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Abstract Projections of dynamic sea level (DSL) are essential for understanding regional sea level change,
yet the high computational cost of global climate models limits their use across diverse emissions scenarios and
extended multi-century time horizons. Here we update a DSL emulator, built on fast and slow climate responses
to radiative forcing, by update parameter configurations to align with the IPCC ARG6 projections. The enhanced
emulator produces global-scale DSL projections through 2300 under five scenarios, ranging from low to very
high greenhouse-gas emissions (SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5) and including an overshoot pathway
(SSP5-3.4-0S) not assessed in AR6 sea-level projections. Results indicate widespread DSL rise in the Northern
Hemisphere, largest in the North Atlantic, while widespread decline in the Southern Hemisphere. Changes are
amplified under higher-emission scenarios and exhibit a delayed response driven by slow deep-ocean responses.
Under SSP5-3.4-OS, DSL evolution approaches SSP1-2.6 levels during the 23rd century—revealing
reversibility under stringent mitigation.

Plain Language Summary In the context of a warming climate, sea-level rise poses major social,
economic, and ecological threats to coastal regions worldwide. Yet sea level is not rising evenly across the
globe. One important component of regional differences of sea level rise is known as dynamic sea level (DSL),
which depends on redistributions of heat and mass by ocean and wind circulations. However, global climate
models are too computationally expensive to simulate DSL across multiple emission pathways and centuries
into the future. Here, we updated a DSL emulator that efficiently reproduces the long-term ocean response to
greenhouse-gas forcing while remaining consistent with the latest IPCC AR6 projections. Using this tool, we
estimate global DSL changes through the year 2300 under five scenarios, including one with overshoot carbon
emission in the middle of 21st century. We find that DSL rise is strongest in the North Atlantic and continues for
centuries even after emissions decline, reflecting the slow adjustment of the deep ocean. Under strong
mitigation with carbon removal, regional DSL patterns can approach low-emission levels, suggesting that part
of sea-level rise may be reversible.

1. Introduction

Sea level rise (SLR) is a major consequence of global warming and poses growing risks to coastal societies,
making robust assessment of regional relative sea level (RSL) projections essential for adaptation planning. RSL
changes are driven by a combination of global processes—including glacier and ice-sheet mass loss and ocean
thermal expansion—as well as regional factors such as ocean dynamics, gravitational and deformational effects,
and vertical land motion (Gregory et al., 2016, 2019; IPCC, 2021; Oppenheimer et al., 2019; Weeks et al., 2023).
These interacting drivers produce spatially heterogeneous coastal hazards, underscoring the importance of
probabilistic RSL projections for risk-informed adaptation and policy decisions (Kopp, Oppenheimer,
et al., 2023).

Among the local drivers of RSL, the sea level changes associated with dynamic effects are also known as dynamic
sea level (DSL). Ensembles of the Coupled Model Intercomparison Project Phase 6 (CMIP6) served as the
primary tools in projecting DSL. However, running coupled global climate models (GCMs) is computationally
expensive, limiting their use for probabilistic projections across multiple centuries and a broader range of
emission scenarios. Most CMIP6 models simulate the future climate only to 2100, with only a few extending to
2300 (Smith et al., 2025). Moreover, the models that participate in a given CMIP6 experiment are not based on a
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systematic design but rather on voluntary model participation. As many GCMs share structural similarities and
the available models do not span the full spread of climate uncertainty, the CMIP6 ensemble represents an
“ensemble of opportunity” rather than a true probabilistic distribution (Tebaldi & Knutti, 2007).

To overcome these limitations, simplified climate emulators have been developed to project GMSL and RSL
evolution (Malagén-Santos et al., 2025; Nauels et al., 2025; Palmer et al., 2018; Yuan & Kopp, 2021). These
computationally efficient tools can generate probabilistic, century- and global-scale projections with minimal
computational cost. Using a two-layer energy balance model (Held et al., 2010), Palmer et al. (2018) emulated
global mean thermosteric sea level rise (GMTSLR) and produced CMIP5-consistent projections up to 2300. To
account for spatial distribution, pattern scaling techniques have been introduced into the regional sea level
projections (Bilbao et al., 2015), relating local responses to global indicators such as global-mean near-surface
atmospheric temperature (GSAT) under the assumption of stationary forcing-response relationships (Tebaldi &
Arblaster, 2014).

While most previous studies use univariate pattern scaling approaches, Yuan and Kopp (2021) developed a
bivariate pattern scaling emulator incorporating both fast (GSAT) and slow (deep-ocean temperature) climate
responses. Their emulator couples the finite amplitude impulse response model (FaIR) (Millar et al., 2017; C. J.
Smith et al., 2018) with the two-layer energy balance model. Including a reduced complexity carbon cycle, FalR
computes atmospheric CO, concentration, radiative forcing, and temperature from prescribed emissions and has
been adopted by the Intergovernmental Panel on Climate Change (IPCC) Working Groups (WGs) I and III in the
Sixth Assessment Report (AR6) as one of the four benchmark emulators (IPCC, 2021, 2022). The resulting two-
layer framework reduces errors relative to univariate pattern-scaling approaches and captures the nonstationary
relationship between dynamic sea level and radiative forcing pathways aligning with CMIP5 projections.
Recently, Malagén-Santos et al. (2025) used a tri-variate pattern scaling approach based on a three-layer energy
balance model.

Over recent years, the CMIP6 ensemble has superseded CMIP5 as the primary basis for global climate simu-
lations, offering improved model diversity, updated forcings, and enhanced capability for projecting and
analyzing future climate change (Eyring et al., 2016). CMIP6 models perform better than CMIP5 in reproducing
ocean heat content, DSL patterns, associated zonal wind stress, and DSL climatology (Jin et al., 2023; Lyu
et al., 2020, 2021). Building on these advances, CMIP6 served as the physical foundation for the projections of
sterodynamic sea level (the sum of DSL and GMTSLR) in AR6, which were derived from the Framework for
Assessing Changes To Sea-level (FACTS) sterodynamics module, which estimates changes based on the time-
varying correlation structure between GMTSLR and DSL change in the CMIP6 multi-model ensemble, with
temperature inputs taken from a two-layer energy balance model (Kopp, Garner, et al., 2023). However, the
FACTS database provides only sterodynamic sea level projections and does not separate regional DSL and
GMTSLR components. Moreover, it covers only the four SSP-RCP scenarios in Tier 1 (e.g., SSP1-2.6, SSP2-4.5,
SSP3-7.0, SSP5-8.5) plus one scenario in Tier 2 (e.g., SSP1-1.9). It does not provide overshoot pathways
(e.g., SSP5-3.4-0S), which represents a pathway in which delayed near-term mitigation leads to a temporary
exceedance of climate targets, followed by rapid emissions reductions, allowing assessment of the sea-level
responses under aggressive mitigation pathways (O'Neil et al., 2016). These highlight the need to update the
DSL emulator—originally developed using CMIP5—to incorporate the advances from CMIP6 and AR6, and to
extend its application to future regional sea level projections across a wider range of scenarios. We emphazise that
this paper does not extend to the other sources of sea-level rise, namely mass changes in polar ice sheets and
mountain glaciers, land water storage, and vertical land motion.

To reach this end, this study pursues two primary objectives: (a) update the emulator's configurations in line with
CMIP6 and AR6 and evaluate its performance; (b) apply the updated emulator to project future DSL changes,
with particular emphasis on extending beyond the time horizon and scenario coverage of AR6 simulations.

2. Data and Methods
2.1. Data

We use monthly mean output of three key variables—*zostoga” (GMTSLR), “tas” (GSAT), and “zos” (DSL)—in
multiple CMIP6 scenarios, including pre-industrial control, historical, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-
8.5, and SSP5-3.4-0OS. Only six CMIP6 models provide all three variables up to 2300 under both SSP1-2.6 and
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SSP5-8.5 scenarios (Table S1 in Supporting Information S1). To avoid potential contamination of forced signals
due to model drift, the long-term linear trend in DSL in the pre-industrial control simulation at each grid point is
subtracted from modeled DSL in other scenarios (Gregory et al., 2019). Although internal climate variabilities
still remain, but they are typically of much shorter timescales than the time span of combined historical and future
scenarios (450 years), so we expect minimal impact in fitting parameters for the emulator. DSL anomalies are then
calculated relative to the 1995-2014 climatology mean. For comparison, we also use sterodynamic sea level
projections from IPCC ARG6 obtained via the NASA/IPCC Sea Level Projections Tool (Fox-Kemper et al., 2021;
Garner et al., 2021; Kopp, Garner, et al., 2023).

The projected emission inputs to FalR are derived from the Reduced Complexity Model Intercomparison Project
(RCMIP, Nicholls et al., 2020). Here we consider five future scenarios, including four Tier 1 scenarios and one
overshoot scenario (SSP5-3.4-OS). In the overshoot scenario, radiative forcing follows SSP5-8.5 until 2040 and
then declines rapidly under aggressive mitigation, reaching 3.4 W m™2 by 2,100 (O’Neill et al., 2016; Riahi
et al., 2017).

2.2. Upgrade of the Emulator Based on the CMIP6 and AR6 Framework

The two-layer DSL emulator consists of two main components (Figure S1 in Supporting Information S1). The
first component is a simple climate model FaIR-2LLM (Yuan & Kopp, 2021) which is driven by emissions under
different scenarios and simulates the responses of climate system, represented by fast and slow temperature
trajectories; The FalR-2LM is constructed by replacing the temperature component of FalR v1.3 (Smith
et al., 2018) with a two-layer energy balance model including an efficacy parameter for deep ocean heat uptake
(Geoffroy et al., 2013; Held et al., 2010; see more details in SI). As a physically based simple climate model, the
FalR-2LM represents the climate system in an aggregated manner and simulates both linear and nonlinear re-
sponses to external forcing through the governing energy-balance equations. For each emission scenario, dis-
tributions of global mean temperature anomalies in the upper layer (7T) and the lower layer (7)) are generated by
driving the model with the corresponding emission trajectory.

The second key component generates the spatial responses of DSL anomalies to the external forcing by applying a
bivariate pattern-scaling approach to the paired T and T, produced by FalR-2LM, following Yuan and
Kopp (2021):

DSL(ti’x’y) = a(xvy) T(Zi) +ﬁ(x’y) T()(li) + b(xvy) + e(ti’xvy) (1)

where x and y denote longitudes and latitudes, and #; denotes the simulation years (1981-2300) under scenario i.
The terms « and S represent the fast and slow response patterns of DSL anomalies to upper- and deep-layer
temperature changes, respectively, while b and e are the intercept and residual terms. The pattern-scaling
approach has been widely used to deviate the forced responses of DSL changes from the internal variability
(Bilbao et al., 2015; Malagén-Santos et al., 2025; Perrette et al., 2013; Yuan & Kopp, 2021). The DSL emulator is
designed to project the spatial response of DSL to external forcing under different emission scenarios, assuming
that the DSL responses to T and 7, are stationary across scenarios (Held et al., 2010), rather than explicitly
representing internal variability, which is complex and inherently nonlinear.

We update the two-layer DSL emulator by adjusting the key parameters that regulate climate feedbacks and
responses in FalR-2LLM to be consistent with IPCC AR6, and applying the a-f pairs derived from pattern scaling
based on CMIP6 models. Specifically, the DSL projection emulator is constructed following these steps.

1. Following the approach of Yuan and Kopp (2021), we adjust the distribution of three key parameters in FalR-
2LM (i.e., climate feedback parameter A, ocean heat uptake efficiency y, and the factor of deep-ocean heat
uptake ye) according to the assessed medians, standard deviations, and likely ranges reported in IPCC AR6
Chapters 7 and 9 (Table S2 in Supporting Information S1). Then, we draw 100,000 samples from the dis-
tribution of each parameter via Monte Carlo sampling. Subsequently, 10,000 parameter sets of A-y-ye com-
binations are generated using Latin Hypercube sampling (Stein, 1987) to efficiently represent the joint
multidimensional distribution of the three parameters.

2. For each scenario, the 10,000 parameter sets, together with the scenario-specific emission trajectories
(Nicholls et al., 2020) are applied to the FaIR-2LM emulator to generate 10,000 realizations of paired upper-
and deep-layer temperatures anomalies (7 and T, respectively).
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3. We calculate thermosteric sea level (GMTSLR) using the simulated 7 and T, together with the thermal
expansion coefficient ¢ = 0.113 x 1072 mJ~! from Section 9.2.4.1 of ARG, following Kuhlbrodt and
Gregory (2012):

GMTSLR = 6 X (CAT + CyAT,) 2)

1. To establish the pool of a and f pairs, we apply the bivariate pattern scaling approach to each CMIP6 model by
regressing simulated DSL against the corresponding pair of 7 and T, trajectories. Specifically, for each CMIP6
model, the key parameters of FaIR-2LM (Forster et al., 2020; Table S3 in Supporting Information S1) were
calibrated to reproduce the model's global-mean near-surface air temperature. The calibrated FaIR-2LM is
then used to generate paired trajectories of upper- and deep-layer temperature anomalies (7 and T,,). Subse-
quently, DSL anomalies from each CMIP6 model are regressed against the corresponding 7 and 7|, using a
bivariate pattern-scaling approach. This procedure yields six pairs of regression coefficients (a and f), one
from each CMIP6 model, for the period 1981-2300, forming a pool of slope pairs (Figures S2-S3 in Sup-
porting Information S1). The a patterns from the six models consistently exhibit negative DSL anomalies over
tropical oceans and a dipole structure in the Southern Ocean, associated with surface-layer warming. The f
patterns display coherent negative anomalies over the Southern Ocean and positive anomalies over mid-to
low-latitude Indian and Pacific Oceans associated with deep-layer warming.

2. The projections of future DSL anomalies relative to the baseline period are obtained by combining each pair of
T and T, from the 10,000 pairs of (7, T;) trajectories with a randomly resampled a and f pair from the slope-
pair pool.

3. Results
3.1. Projecting Changes in Global Variables

We evaluated the emulator's performance in reproducing global-mean variables (GSAT and GMTSLR) for each
CMIP6 model (Figures S4, S5 and Table S4 in Supporting Information S1). The emulator closely reproduces
GSAT and GMTSLR for the majority of GCMs. Across the four scenarios, the mean root-mean-square errors
(RMSESs) of the emulated GSAT relative to the corresponding GCM simulations are generally below 0.5 K,
except for IPSL-CM6A-LR (all scenarios) and ACCESS-CM2 and MRI-ESM2-0 under SSP5-8.5, where RMSEs
reach up to 0.72 K. Emulated GMTSLR agrees closely with that in GCMs (RMSEs < 0.05 m). The discrepancies
likely reflect differences among GCM:s in their representation of physical processes and responses to external
forcing, together with the emulator's inability to explicitly resolve important internal variability and climate
feedbacks that are embedded in dynamical processes represented in GCMs.

The emulator's projections of GSAT and GMTSLR were compared with the median and 90% uncertainty ranges
reported in [IPCC AR6 WGI Chapters 4 and 9 (IPCC, 2021), shown in Figure 1. The uncertainty range of emulator
projections nearly encompasses that of AR6 projections for both variables. The medians of GSAT projections by
the emulator closely match medians of AR6 projections under scenarios of SSP3-7.0, SSP5-8.5, and SSP5-3.4-
OS, while slightly higher than medians of AR6 projections under low-emission scenarios (SSP1-2.6 and SSP2-
4.5) by the end of the 23rd century. The medians of GMTSLR projections by the emulator are slightly higher than
the medians of ARG projections by the end of the 21st century. These results indicate that the emulator effectively
reproduces the projections of GSAT and GMTSLR, capturing the overall spread of and AR6 projections. Notably,
the emulator also simulates future changes of GMTSLR under the overshoot scenario SSP5-3.4-OS, which is not
included in ARG sea-level projections, revealing the potential reversibility of surface warming and the delayed
response of ocean thermal expansion.

3.2. Projecting Changes in Sterodynamic Sea Level

To evaluate the updated emulator, we project the sterodynamic sea level using the emulator and compared it with
estimates from AR6 and CMIP6 GCMs (Figure 2; Figures S6 and S7 in Supporting Information S1). By the end of
the 23rd century, medians of sterodynamic projections by the emulator generally fall between the median of AR6
projections and the median of 6 GCMs projections. The absolute differences between the emulator and either AR6
or GCMs are smaller than those between AR6 and GCMs except under SSP3-7.0 (Figure 2a). This indicates
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Figure 1. Ensemble projections of GSAT (upper panels) and GMTSLR (lower panels) changes relative to 1851-1900 and
1995-2014 baselines, respectively, under five scenarios. Shading denotes the 5th—95th uncertainty range of emulated
projections, and colored bold dashed lines indicate the median. AR6 projections for GSAT in 2300 and for GMTSLR during
2081-2100 are shown as black error bars, overlaid on the emulator's projections for the corresponding periods.

smaller errors between the emulator and AR6 than errors between the GCM ensemble and AR6. The differences
are largest under SSP3-7.0 among the four scenarios, likely because only one model (GISS-E2-1-G) was available
for this scenario. Spatially, the differences between our emulator projections and the GCM ensemble are rela-
tively uniform except at high latitudes. In contrast, discrepancies relative to AR6 exhibit pronounced spatial
heterogeneity, with larger biases over the South Pacific, North Atlantic, Arctic, and Southern Oceans, likely
reflecting the large uncertainties of ocean circulation over these regions.

To compare the temporal evolution of sterodynamic sea-level projections from the emulator with those from the
CMIP6 ensemble and AR6, we selected two representative coastal locations: one in the western Pacific Ocean
near Shanghai (31.5°N, 123°E), and the other in the eastern North Atlantic near Rotterdam (52.5°N, 3°E). Both
are major coastal ports highly exposed to sea level rise under global warming. Emulator projections for 1981—
2300 were compared with AR6 estimates and CMIP6 outputs (Figure 2b). For the location near Rotterdam,
medians of emulator projection closely follow AR6 median under SSP1-2.6, SSP3-7.0, and SSP5-8.5, and align
with GCMs but slightly lower than AR6 median under SSP2-4.5. For Shanghai, emulator medians remain
consistent with those in AR6 across all scenarios over 1981-2300, with RMSEs below 0.04 m. At both sites, the
emulator's 5th-95th percentile ranges encompass nearly all GCM projections under all four scenarios, and are
slightly wider than the AR6 ranges under medium- and high-emission scenarios, but narrower under the low-
emission case. Overall, the emulator can project sterodynamic sea level changes that encompass the uncer-
tainty ranges of GCMs and are broadly consistent with AR6.

3.3. Projecting Changes in DSL

To isolate the spatial features of DSL from the sterodynamic sea-level changes, we separately analyzed the
emulator-based DSL projections and their uncertainties. The emulator extends projections to 2300 for SSP2-4.5
and SSP3-7.0-missing from most CMIP6 models—as well as for SSP5-3.4-OS, which is not included in ARG sea-
level projections. During 2081-2100, DSL anomalies are projected to be negative over the southern Indian,
southeastern Pacific, and Southern Oceans, while DSL shows positive anomalies in the northwest Pacific,
Atlantic, and Arctic oceans, with larger magnitudes of DSL changes in higher emission scenarios (Figure S8 in
Supporting Information S1). During 2281-2300, the spatial patterns of projected DSL anomalies are similar to
those during 2081-2100 in four Tier 1 scenarios, except for larger magnitudes and uncertainty ranges (Figure 3).
Under SSP5-3.4-08, the projected DSL changes lie between those in SSP1-2.6 and SSP2-4.5 during 2081-2100.
During 2281-2300, they are nearly identical to the projected pattern in SSP1-2.6 (Figure 3 and Figure S8 in
Supporting Information S1).

To provide geographically representative projections, six locations were selected to examine the evolution of
DSL in their vicinity (Figure 4 and Figure S9 in Supporting Information S1): Rotterdam on the northeastern
Atlantic coast, Shanghai on the northwestern Pacific coast, New York City on the northwestern Atlantic coast,
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Figure 2. Comparison of sterodynamic sea level ensemble projections from AR6, CMIP6, and our emulator. (a) Median
differences for 2281-2300 under four scenarios: emulator — CMIP6 (top), emulator — AR6 (middle), and CMIP6 — AR6
(bottom). Values in the lower-left corner denote the globally averaged absolute difference. (b) Projections for Rotterdam

(upper) and Shanghai (lower). Colored lines show the emulator, gray line and shading show AR6, and thin black lines show
CMIP6. Light shading or dashed colored lines indicate the 5th—95th percentile range; darker shading and solid lines indicate
the 17th—83rd range.

Port of Abidjan on the Eastern Atlantic coast, the Maldives in the Indian Ocean, and Lima on the southeastern
Pacific coast. For each site, the DSL at the nearest available ocean grid was projected through the 23rd century.
The magnitude of the DSL rise is the largest near Rotterdam and New York City, both located in the Northern
Atlantic. In contrast, projected DSL changes and associated uncertainties in the Southern Hemisphere are
generally smaller, particularly relative to those in the North Atlantic. The DSL time series exhibit pronounced
nonlinear trend after 2100, likely reflecting the emergence of the slow responses due to deep ocean spanning
longer time scales. In the Northern Hemisphere, DSL evolution shows strong scenario-dependent differences.
Notably, under SSP5-3.4-OS, DSL peaks around 2050 and subsequently converges toward the trajectory of SSP1-
2.6 by the end of the 23rd century. In the Southern Hemisphere, the differences among medians of projections in
different scenarios are very small, but the uncertainty range widens with increasing radiative forcing. Under
SSP5-3.4-08, both the median and spread remain close to those under SSP1-2.6 throughout the period.

These results highlight the potential reversibility of DSL changes and the delayed responses of DSL changes to
radiative forcing due to the long-timescale adjustment of the deep ocean.
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Figure 4. Emulator-based ensemble projections of DSL at six selected sites under five SSP scenarios, relative to 1995-2014.
Colored bold lines denote medians, light shading shows the 5th-95th percentile range, and dark shading the 17th—83rd range.
4. Discussion and Conclusions
This study updates the two-layer DSL emulator with revised configurations and inputs consistent with AR6 and
CMIP6 (Figure S1 in Supporting Information S1). Based on the updated emulator, we generate the projections of
GSAT, GMTSLR, sterodynamic sea level, and DSL extending to 2300 across five scenarios (i.e., SSP1-2.6,
SSP2-4.5, SSP3-7.0, SSP5-8.5, SSP5-3.4-0S). The emulator reproduces GSAT and GMTSLR trajectories from
the corresponding CMIP6 models, with biases generally within 0.5 K and 0.03 m for most models, while larger
deviations occur only in a limited subset (Table S4 in Supporting Information S1). It also captures both the spread
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and median of the GSAT and GMTSLR projections across the available AR6 scenarios (Figure 1). The medians
of emulated sterodynamic sea level projections fall between median estimates of the CMIP6 ensemble and those
of ARG projections, demonstrating robust and consistent performance (Figure 2a). Its 66% uncertainty range
encompasses nearly all GCM projections, confirming the ability of the emulator to reproduce probabilistic sea-
level outcomes (Figure 2b).

The updated emulator produces DSL projections that can be readily extended to additional emission pathways and
longer time horizons not covered by current AR6 or GCM simulations (Figures 3 and 4). The emulated DSL
projections exhibit pronounced spatial heterogeneity. Relative to 1995-2014, DSL increases over the Arctic,
Kuroshio Extension, and North Atlantic Current, while decreasing over the Southern Ocean, with larger mag-
nitudes under higher-emission scenarios (Figure 3). Sites along the coasts of the North Atlantic (e.g., near New
York City and Rotterdam) are projected to face the largest DSL rise, whereas those in the Southern Hemisphere
(e.g., near Lima, Abidjan, Maldives) show smaller increases and narrower uncertainties (Figure 4). After 2100,
DSL projections display an apparent nonlinear trend, reflecting the slow responses of deep-ocean processes.
Under SSP5-3.4-0OS, DSL rise stabilizes after the middle of the 21st century, and converges toward SSP1-2.6
levels by the end of the 23rd century, underscoring the potential reversibility of sea-level change under stringent
mitigation.

Although the emulator efficiently projects DSL across extended scenarios and time horizons, certain limitations
remain. For instance, due to the coarse horizontal resolution (generally >100 km), CMIP6 models do not resolve
the mesoscale and sub-mesoscale ocean processes, relying instead on parameterizations that cannot fully capture
the dynamics of boundary currents, eddies, and fronts (Hewitt et al., 2020). This may introduce biases in the
patterns of slopes used in generating the spatial projections of DSL. A three-layer energy balance model was also
used to emulate DSL projections under CMIP6 scenarios (Malagén-Santos et al., 2025), offering addi-
tional parameter flexibility and enabling representation of the 10-20-year timescale—intermediate between fast
(2-7 years) and slow (80—400 years) responses. However, since the performance of the two-layer and three-layer
emulators is comparable, particularly under low-emission scenarios, we primarily use the two-layer emulator.
This choice aligns with our focus on long-term DSL changes (extending to 300 years) and low-emission or carbon
removal scenarios. Moreover, the two-layer model provides a clearer physical interpretation: the upper layer
represents the atmosphere and ocean mixed layer, while the lower layer corresponds to the deep ocean. Never-
theless, the updated emulator provides spatially heterogeneous DSL projections with probabilistic uncertainty
distributions that span multiple centuries, complementing CMIP6 and AR6 DSL projections with all the Tier 1
and an overshoot scenarios, as well as extended time horizons. After demonstrating the applicability to several
SSP-RCP scenarios, the emulator can be applied to any emissions scenario (such as those resulting from inte-
grated assessment models) to project regional DSL. These projections are particularly valuable for island nations
and low-lying coastal regions vulnerable to sea level rise, where adaptation measures require substantial financial
investments and long operational lifespans. Accordingly, policymakers are encouraged to adopt long-term per-
spectives rather than restricting planning to the next few decades (Malik & Ford, 2024; McEvoy et al., 2021;
Tamura et al., 2019).
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