ENVIRONMENTAL RESEARCH 5 PURPOSELED i rescon
CLIMATE

PAPER « OPEN ACCESS You may also like

Global and regional thermosteric and dynamic sea i oaierss i Arisr sats

simulations

level change under stratospheric aerosol injection Zachary M Labe, Elizabeth A Bames and

James W Hurrell

5 . . P . . - Macroclimate growing conditions for luxury
To cite this article: Frédéric Bonou et al 2025 Environ. Res.: Climate 4 045013 crops after stratospheric aerosol injection

Ariel L Morrison, Elizabeth A Barnes,
James W Hurrell et al.

- Projected malaria transmission risk under
View the article online for updates and enhancements SRR
_—— p . Athar Hussain, Muhammad Latif,

Muhammad Shoaib et al.

This content was downloaded from IP address 67.85.227.73 on 01/01/2026 at 20:59


https://doi.org/10.1088/2752-5295/ae15b6
/article/10.1088/1748-9326/acc81a
/article/10.1088/1748-9326/acc81a
/article/10.1088/1748-9326/acc81a
/article/10.1088/1748-9326/adfbff
/article/10.1088/1748-9326/adfbff
/article/10.1088/2515-7620/adbeb9
/article/10.1088/2515-7620/adbeb9

10P Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
20 June 2025

REVISED
12 October 2025

ACCEPTED FOR PUBLICATION
21 October 2025

PUBLISHED
31 October 2025

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOIL.

Environ. Res.: Climate 4 (2025) 045013

ENVIRONMENTAL RESEARCH
CLIMATE

https://doi.org/10.1088/2752-5295/ae15b6

PAPER

Global and regional thermosteric and dynamic sea level change
under stratospheric aerosol injection

3,%

, Maiella Toupe'?,
, Alan Robock’ @),

Frédéric Bonou">>* (2, Aubains Hounsou-Gbo*{, A Nathanael Dossa"’
Marcel Kouakou’, Arnaud Kouekam®, Toussaint Mitchodigni'’, Zacharie Sohou'’
Ben Kravitz*’'(®, Daniele Visioni'’® and Mari Tye'""

! Laboratory of Marine and Coastal Hydrology, Institute of Fisheries and Oceanographic Research of Benin, Cotonou 03 BP 1665,

Benin

2 International Chair in Mathematical Physics and Applications (ICMPA—UNESCO CHAIR), University of Abomey-Calavi,
Abomey-Calavi 072 BP 50, Benin
Laboratory of Physics and Applications (LPA), Natitingou, National University of Sciences, Technology, Engineering and
Mathematics of Abomey (UNSTIM), Abomey, Benin
Marine Science Institute (Labomar), Federal University of Ceard (UFC), Fortaleza, Brazil
West African Science Service Centre on Climate Change and Adapted Land Use (WASCAL), Graduate Research Program on Climate
Change and Disaster Risk Management, Department of Geography, Université de Lomé, Lomé 01BP1515, Togo
6 Specialized Research Station for Fisheries and Oceanography (Marine Ecology Unit) PMB 77, Limbe, Cameroon
7 Department of Environmental Sciences, Rutgers University, New Brunswick, NJ, United States of America
8 Department of Earth and Atmospheric Sciences, Indiana University, Bloomington, IN, United States of America
® Atmospheric, Climate, and Earth Sciences Division, Pacific Northwest National Laboratory, Richland, WA, United States of America
Department of Earth and Atmospheric Sciences, Cornell University, Ithaca, NY, United States of America
CGD Laboratory, NSF National Center for Atmospheric Research, Boulder, CO, United States of America
Whiting School of Engineering, Johns Hopkins University, Baltimore, MD, United States of America
Author to whom any correspondence should be addressed.

E-mail: fredericbonou@yahoo.fr
Keywords: solar radiation modification, stratospheric aerosol injection, shared socioeconomic pathway, sea level rise,
ocean heat content, regional and global variations

Supplementary material for this article is available online

Abstract

Sea level rise (SLR) is a global concern in the era of climate change, prompting the exploration

of interventions such as solar radiation modification through stratospheric aerosol injection
(SAI). This intervention could affect the physical system in various ways. The present study ana-
lyzes the global and regional impacts of SAI using ARISE-SAI-1.5 (SAI-1.5) simulations with the
Community Earth System Model 2. We calculated the regional thermosteric sea level under differ-
ent scenarios. After validating our methodology for sea level components over the period 1995-
2014, we determined changes in sea level variables under both SAI-1.5 and the underlying Shared
Socioeconomic Pathway 2—4.5 (SSP2-4.5) relative to the reference period (1995-2014). In contrast
to sea surface temperature, which under this SAI strategy should be maintained near 1.5 °C above
preindustrial values, global SLR would continue increasing under SAI-1.5. However, SAI would
significantly impact thermal expansion in SSP2-4.5 simulations, reducing the global long-term sea
level trend from 3.7 + 0.03 mm yr~! for SSP2-4.5-1.9 & 0.04 mm yr~ ' for SAI-1.5, a 49% reduc-
tion. The associated ocean heat content is reduced from (2.0 + 0.3) x 10%* J yr~! under SSP2-4.5
to (1.17 4 0.30) x 10*2 J yr—! under SAI, a 42% reduction. Additionally, SAI would impact the
regional and global ocean by reducing the SLR rate. These findings underscore the potential of SAI
as a climate intervention strategy with significant implications for sea level change.

1. Introduction
Climate change driven by anthropogenic greenhouse gas emissions induces sea level rise (SLR) at the
global scale [1]. Rising temperatures are causing the expansion of ocean water and the melting of land-

based glaciers and ice sheets, leading to global mean SLR (GMSLR) that could reach over 1 m by the
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end of this century under high emissions scenarios [2]. The current rate of GMSLR is primarily driven
by three main factors: ocean thermal expansion (accounting for about 50% of the rise), melting of gla-
ciers and ice sheets (contributing approximately 44%), and changes in land-water storage responsible for
around 8% [1, 3]. The sea level changes will have profound impacts on coastal communities and ecosys-
tems around the world [4].

In response to the mounting climate crisis, there has been growing interest in exploring climate
intervention strategies, such as solar radiation modification (SRM) through stratospheric aerosol injec-
tion (SAI) [5]. By injecting reflective aerosols into the upper atmosphere, SAI has the potential to offset
the global temperature increases and therefore associated SLR [6]. Some previous studies have investig-
ated the effects of solar geoengineering on SLR under different scenarios, particularly focusing on SAI
and solar dimming [3], showing that SRM could significantly reduce the rate of global thermosteric
SLR by 36%-41% by the end of the century compared to a high greenhouse gas scenario (SSP5-8.5).

In their work, Visioni et al showed that the G6sulfur scenario (a scenario under which temperatures are
reduced from those under the SSP5-8.5 scenario to those under the SSP2-4.5 scenario by means of SAI)
[7]) showed a stronger reduction in the rate of SLR, especially in the Arctic Ocean and mid-latitude
regions, while G6solar (which uses solar dimming instead) exhibited reductions primarily eastward from
mid-latitude South America. Their research highlighted that while geoengineering might mitigate SLR, it
could not completely eliminate regional variations or reverse SLR that has already occurred, with some
coastal areas still facing significant risks. Overall, their findings underscored the potential of SRM as

a tool for climate change mitigation, though challenges remain in its implementation and governance
[3]. The regional and global sea level response to SAI is still not well understood, as changes in ocean
circulation will also affect regional sea level [8]. Irvine et al [9] highlighted a critical trade-off in SAI
deployment in trying to reduce SLR: while surface cooling may reduce the rate of SLR, the associated
changes in radiative forcing and surface fluxes can alter ocean energetics in ways that exacerbate subsur-
face warming or shift regional sea level patterns. These unintended consequences underscore the need
for diagnostics that go beyond surface metrics to capture depth-resolved heat redistribution and regional
variability.

There is a lack of comprehensive studies on the spatial and temporal patterns of sea level response to
SAI, especially concerning specific regional variations. Understanding these patterns is crucial for evalu-
ating the effectiveness of SAI in different regions and for assessing its potential impacts on coastal com-
munities, ecosystem, economies and habitats and livelihoods [2, 10]. The main contributors driving the
responses in sea level changes due to SAI are yet to be explored in depth. This includes, for instance, the
effects of SAI on ocean circulation, ice sheet dynamics, and other physical processes that influence sea
level, both at the local and global levels. Therefore, SAI impacts on sea level under different scenarios of
SATI implementation need to be better investigated.

The objective of this study is to determine how SAI impacts global and regional thermosteric and
dynamic sea level (DSL) using the Community Earth System Model version 2 (CESM2) [11] by determ-
ining the changes under Shared Socioeconomic Pathway 2—4.5 (SSP2-4.5) [12] and the SAI scenario
Assessing Responses and Impacts of Solar climate intervention on the Earth system with SAI 1.5 (ARISE-
SAI-1.5, referred to in this article as SAI-1.5) experiments, described in Richter et al [13]. In contrast
to Yue et al [3], where regional SLR was estimated from the summation of global mean thermosteric
and spatial dynamical sea level, in this study we calculate directly thermosteric sea level (TSL) region-
ally from salinity, temperature and density. The next sections will present the methods and data we
employed in this work (section 2), the model output evaluation and its results under the analyzed scen-
arios (section 3), a critical discussion of the results and summary (section 4).

2. Methods and data

2.1. Model description

CESM2 with the Whole Atmosphere Community Climate Model version 6 (WACCM6) [14] is a state-
of-the-art global climate model developed by the National Center for Atmospheric Research and other
collaborating institutions [11, 14]. It incorporates multiple Earth system components, including the
atmosphere, ocean, land, sea ice, and biogeochemistry, to provide a comprehensive representation of
the Earth’s climate system. The CESM2 (WACCMS6) [15] model uses prognostic aerosols represented by
the Modal Aerosol Model version 4. It also includes a comprehensive chemistry module with interactive
tropospheric, stratospheric, mesospheric, and lower-thermospheric chemistry, featuring 228 prognostic
chemical species. The ocean component of the model is based on the Parallel Ocean Program version 2,
as described in Danabasoglu et al [11]. This coupled Earth system model provides a detailed representa-
tion of the atmospheric composition, dynamics, and interactions with the ocean, enabling investigations
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on various aspects of the climate system. It combines a detailed atmospheric model including the upper
atmosphere (WACCM6) with a sophisticated ocean model to simulate the coupled physical, chemical,
and dynamical processes of the atmosphere and ocean. CESM2 currently only accounts for ice melting
processes in Greenland but has yet to integrate those for Antarctica. At present, the freshwater generated
from the melting ice in Greenland is introduced into the ocean; however, there are limitations in how
this interacts with the ocean model [11]. Since the model does not fully account for ice melt processes,
we do not analyze the SLR component related to mass inputs from melting glaciers and ice sheets.

2.2. Historical simulation

The present study used the monthly output of the historical simulations covering the period from 1850
to 2014 from CESM2 (WACCMS6) [14]. These simulations used observed historical forcings, including
changes in greenhouse gases, aerosols, solar variability, land use, and volcanic eruptions. The historical
CESM2 simulations have been extensively evaluated and compared to observational data [11, 14]. Studies
have shown that the model is able to reasonably capture the observed trends and variability in sur-
face temperature, precipitation, sea ice extent, and other key climate variables over the historical period
[11, 14]. The tropospheric physics are the same as in the low-top version, the Community Atmosphere
Model version 6, which is usually used in such evaluations [14]. Three members of the historical sim-
ulation have been used for temperature, salinity, sea level pressure, and DSL (sea surface height) data,
essential for estimating sea level components and validating climate models.

2.3. SSP2-4.5 simulation

The SSP2-4.5 scenario serves as a control simulation that reflects a moderate emissions trajectory [12].
The SSP2-4.5 scenario is characterized by a balanced approach to socioeconomic development, with
emissions that are projected to stabilize at a level that results in a global mean temperature increase of
2.65 K above pre-industrial temperatures by 2069 [12]. The CESM2 model is also employed in this scen-
ario, providing a baseline against which the impacts of SAI can be compared, the reference against which
the changes of simulations can be determined. These simulations were run from 2015 to 2070 using a
10-member ensemble [13].

2.4. SAI-1.5 simulation

The ARISE-SAI-1.5 scenario is designed to evaluate the effects of SAI on climate. The SAI simulations
is branched from the SSP2-4.5 scenario beginning in 2035 and ending in 2070 [13]. Its goal is to pre-
vent global-mean surface temperatures increasing more than 1.5 K above pre-industrial levels [16]. This
simulation operates under the premise of injecting sulfur dioxide gas into the stratosphere at approx-
imately 21.5 km altitude [13, 16], which then converts to sulfate aerosols. The aerosol injection takes
place at four specific latitudes: 15°N, 30°N, 15°S, and 30°S. The simulation employs a feedback-control
mechanism that adjusts the amount of aerosol deployment to achieve three primary climate objectives:
stabilizing global temperatures, preserving the north-south temperature gradient between hemispheres,
and maintaining the temperature gradient from the equator to the poles. The ARISE-SAI-1.5 simulations
consist of an ensemble of 10 members [11].

2.5. Observational data

This work utilizes monthly Sea Surface Height data from the Global Ocean Ensemble Physics Reanalysis
at 0.25° x 0.25° resolution for the years 1995-2014. The ensemble comprises four reanalyzes with
monthly means of Temperature, Salinity, Currents and Ice variables for 75 vertical levels [17].

The EN4 dataset is a comprehensive collection of global ocean subsurface temperature and salinity
measurements spanning from 1900 to the present day [18-21]. It compiles data from multiple sources
including Argo floats, XBTs, CTDs, and marine stations and applies bias corrections and quality control
measures to generate gridded monthly fields at a spatial resolution of 1° x 1°. Compiled at a monthly
resolution, the dataset combines data from various observational sources, including autonomous floats,
oceanographic surveys, and historical archives. A key component of the EN4 dataset is the database of
quality-controlled in-situ ocean profiles. These profiles undergo rigorous quality assurance checks to
ensure the reliability of the measurements, with flags indicating the level of data confidence. The data-
set also includes spatially complete analyses of temperature and salinity, gridded at a 1° resolution with
42 depth levels covering the region from the Southern Ocean to the Arctic. This work used data from
1995-2014 to validate the simulated ocean temperatures and salinity.
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Table 1. List of CESM2 simulations and observations data with their different periods.

Experiments Members Validation period Baseline Future
Historical 3 1995-2014 — —
SAI-1.5 10 — — 2050-2069
SSP2-4.5 10 — 2020-2039 2050-2069
Copernicus data — 1995-2014 — —
EN4 data — 1995-2014 — —

2.6. Methods

In this study, we used a DSL variable, sea surface height above the geoid (also called zos) over
the period from 1995 to 2014 for historical experiments (3 members, table 1), from 2015 to

2069 for SSP2-4.5 (10 members, table 1), and from 2035 to 2069 for SAI-1.5 (10 members, table
1). The geoid is an idealized model of Earth’s shape that represents mean sea level and serves

as a reference for measuring sea surface height and geostrophic flows. CESM2 incorporates the
POP2 ocean model, which takes the geoid into account when calculating sea surface height

and ocean currents. The model’s ability to simulate the interactions between the atmosphere,
oceans, and land is enhanced by using a geoid reference that reflects Earth’s shape and gravita-
tional field [11]. Thermosteric, steric, halosteric and inverse barometer sea level components have
been calculated from temperature, salinity, and sea surface pressure according to the methodo-
logy described below and in Griffies & Greatbatch [22]. This assumes mass conservation of the
global ocean and, therefore, does not account for the effects of melting glaciers and ice sheets.
Thermosteric and steric sea level have been corrected using the inverse barometer according to Yue
etal [3].

We calculate steric, thermosteric, halosteric sea level, and inverse barometer based on methods used
in Griffies and Greatbatch [21] and Griffies and Greatbatch [22] using CESM 2 models for historical,
SSP2-4.5 and SAI-1.5 simulations. All the sea level components changes have been calculated related to
the reference period of 1995-2014.

2.7. Local steric sea level changes calculation
The local steric sea level is calculated according to equation (1):

nsteric (1) = ref Zdz (0,S,p) — (Qref7 Sref’ pref) ] (1)
where:

7% (1) is the sea level change at time T,

n (Tref) is sea level height at the reference state,

(8,S,p), are potential temperature, salinity, and pressure

(Gref, S‘ef, p“f), are potential temperature, salinity, and pressure at the reference state

po is the global constant reference density (1035 kg m—)

This relationship is used in momlevel, an open-source Python tool designed to compute sea level-related
fields using data from MOMS6.
The local TSL is given by equation (2):

nthermosteric (7_) — ref _ Zdz 0 Sref ref) ((gref7 Sref7pref)} ] 2)
The local halosteric sea level is given by equation (3):

nhalosteric (T) ref Zdz eref S pref) (9Tef7 Sref’pref)] (3)

thermosteric halosteric

n is the impact on sea level due to temperature changes. n
changes.

is the same for salinity

We adjusted the temperature to account for model drift, which can occur due to the gradual adjust-
ment of the deep ocean or an inadequate representation of energy conservation in the model simulation
[3, 23, 24]. Therefore, we have corrected all scenarios, using the standard “linear drift correction based
on pre-industrial simulation data over 500 years.
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In CESM2, physical variables such as potential temperature (theta), salinity, and pressure (depth)
are computed per grid cell and per vertical ocean level, rather than per basin or fixed depth. The ocean
model uses a structured 3D grid with nominal 1° horizontal resolution and 60 vertical layers. These lay-
ers are defined by model-specific depth levels that vary with bathymetry and are consistent across the
global domain. Pressure is derived at each level based on hydrostatic equilibrium and local density. Basin
depth influences the number of active layers in each column, but all variables are resolved on the model-
defined vertical coordinate system, ensuring consistency in diagnostics across regions and ensemble
members.

2.8. Global steric sea level
Global steric sea level change is based on methods of calculation used in Yue et al [3], which is calcu-
lated in equation (4):

B . B Vo <P>0
Naiag (T) =0 (T) + Xl” <(p(7_)> (4)

where:

i ag (T) 1s the diagnosed sea level at time 7

V0 is the initial reference volume of the global ocean
A is the global surface area of the ocean

(p)? is the initial global mean density

{(p(7)) is the global mean density at time 7.

2.9. Inverse barometer effect

The inverse barometer effect on sea level is the ocean’s response to atmospheric pressure variations at the
surface [22, 25]. Regional variations in atmospheric mass will cause regional variations in ocean sea level
due to the inverse barometer effect. Similarly, changes in sea ice coverage lead to pressure perturbations
at the ocean surface. The inverse barometer effect is represented by equation (5):

IB — Datm

N = oy (5)
p(S,T,P)xg

where pyym is the full atmospheric pressure and p is the density at the ocean surface. In practice, it is

common to consider in situ ocean density (po) at the top model layer as this quantity is commonly saved

from ocean models.

2.10. Ocean heat content (OHC)

OHC refers to the amount of heat energy stored in the world’s oceans [19, 26]. It is a crucial metric
for understanding Earth’s energy balance and climate change. OHC is computed using the following
equation (6)

Z,
OHC = C/p(z).T(z)dz (6)
Z

where OHC is ocean heat content in Joule m~2,

p is the density is obtained

C is the specific heat of sea water, 3990 J (kg K)7!,

z; is the depth of the top of the layer in meters,

z, is the depth of the bottom of the layer in meters,

and T is the temperature at each depth in degrees Kelvin.

The Mann—Kendall test has been used to estimate the trends of sea level and OHC under different
scenarios. This test is a non-parametric statistical method used to identify monotonic trends in time
series data without assuming a specific data distribution [27] and is particularly useful for analyzing
environmental data that do not conform to a Normal (Gaussian) distribution, such as sea level and
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OHC Additionally, we calculated the percentage reduction in calculated trends under SAI compared to
SSP2-4.5 as shown in equation (7):

Trendsspy_4.5 — Trendsar—
Percentage Reduction = SSP2—4.5 A5 100 (7)
Trendsspy—4.5

where:

Trendgspy—4 5 is the trend value for the SSP2-4.5 scenario.
Trendsa;_1.5 is the trend value for the SAI-1.5 scenario.

In this study, we also analyze the surface net energy fluxes (Qngr), which accounts for the combination
of net longwave flux (QL), net solar flux (Qs), net surface sensible heat flux (Qy), surface latent heat
flux (Qg). The equation for Qugr can be expressed as follows:

Qner = QL+ Qs + Qu + QE. (8)

We have analyzed Qugr to evaluate how energy inputs and outputs vary under different climate scen-
arios, specifically SSP2-4.5 and SAI-1.5.
The ocean heat budget (W m™2) is calculated as follows [28] :

8 (OHC)

- QNET - Qv + Qwinstress+ €. (9)
ot

Here, 8(%]?9 denotes the rate at which the ocean gains (positive value) or loses (negative value) heat,

where OHC is the ocean heat content from surface to 5500 m, Qugr represents the net heat fluxes at the
ocean surface, Q, is the divergence of heat transport, and € represents the residual term, which includes
unresolved processes, model errors, and inaccuracies in the calculation. For the global ocean, Q, is zero
because it only redistributes heat within the ocean and does not contribute to a net gain or loss of heat.
Quinstress 18 the wind energy transfer from the atmosphere to the ocean.

Wind energy transfer from the atmosphere to the ocean Q,jyress Was computed as the scalar product
of surface wind stress and ocean surface velocity vectors [29]:

Quinstress = Ttk + TV (10)

where 7, and 7, are the zonal and meridional components of wind stress (N m~2), and u and v are the
corresponding ocean surface velocities (m s~!). For each model grid cell, the resulting energy transfer
field Q,instress Was expressed in watts per square meter (W m~2). All variables were extracted at the
ocean surface layer and temporally subset to match the respective scenario periods. The diagnostics focus
on monthly wind stress (TAUX, TAUY) and ocean surface velocity (UVEL, VVEL). For the historical
simulation period (1995-2014), three ensemble members (r1-r3) were used. For SSP2-4.5 (2015-2069)
and SAI-1.5 (2035-2069), all ten members were processed per scenario.

3. Results

3.1. Dynamic and TSL validation
Figure 1 provides a spatial distribution of DSL and the trend of combined DSL and TSL from 1995 to
2014. The comparison of the historical simulations and observations suggests a good agreement between
the model and observations in capturing the spatial distribution of DSL during the 1995-2014 period
(figures 1(a) and (b)). These two top maps indicate strong positive DSL in the western tropical Atlantic
and eastern North Atlantic with the DSL values varying between 20 and 100 cm. Conversely, regions
such as the Southern Ocean and parts of the equatorial Pacific exhibit negative DSL anomalies, with val-
ues ranging from —20 to —100 cm (figures 1(a) and (b)).

Figures 1(c) and (d) show that CESM2 does not properly capture the large-scale pattern of
DSL + TSL trends relative to observations in some regions, while observational variability higher and
model skill lower especially in the Southern Hemisphere. Conversely, the model captures well positive
DSL + TSL trends in the western tropical Pacific, the western North Atlantic, and parts of the Southern
Ocean, alongside weaker or negative trends elsewhere. In the Pacific, apparent out-of-phase behavior
between modeled and observed trends can arise from wind-driven DSL variability and internal variab-
ility as well as the offline reconstruction of steric height, which does not include dynamic adjustment.
Accordingly, regional DSL + TSL anomalies should be interpreted cautiously.
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Figure 1. Spatial distribution of dynamic sea level (DSL) from 1995 to 2014 for: (a) the historical simulation and (b) Copernicus
Marine Environment Monitoring Service (CMEMS) observations. The middle panels are the trend (1995-2014) distribution of
the sum of DSL and thermosteric sea level (TSL) for (c) the historical simulation, and for (d) observations of DSL + TSL (DSL
from CMEMS and TSL from EN4). (e) Difference between a and b (a), (b). (f) Difference between c and d (c), (d).
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Figure 2. Global (a) steric and (b) thermosteric sea level from historical simulations (red) with that of EN4 observations (blue).
The shaded pink area represents the 5-95th percentile range of the CESM2 ensemble, indicating the uncertainty bounds around
the mean HIST trend.

Figure 2 presents a comparison of the global mean sea level trends between historical simula-
tions and observations for two different sea level components: steric and thermosteric. In the steric
sea level component (panel a) the red line, which represents the mean historical trend in CESM2,
shows a gradual increase in sea level over the years from 1995 to 2014 with the trend value of
2.18 4+ 0.03 mm yrfl. The blue line, which represents the mean observed steric sea level, also exhib-
its a similar increasing pattern, though slightly lower in magnitude (2.01 mm yr~!). In the TSL com-
ponent (panel b), the model’s sea level trend 2.13 4= 0.03 mm yr~! is similar to that of observations
2.03 mm yr~!. Interannual variability for the individual simulations is effectively removed by using the
ensemble mean of 10 ensemble members. The historical simulation shows reasonable agreement with
observations, although, as discussed above, some regions show notable difference particularly in the ther-
mosteric component, highlighting areas where model performance could be improved.

3.2. Global thermosteric and OHC under SSP2-4.5 and SAI-1.5

Figure 3 presents the projected global mean TSL and OHC changes under two different climate scen-
arios, SSP2-4.5 (2015-2069) and SAI-1.5 (2035-2069). SSP2-4.5 projects a steady increase in TSL and
OHC calculated for the 0-5500 m layer during the 55 year period. The SAI-1.5 simulations also pro-
ject increases in the thermosteric component (figure 3(a)), but at a considerably slower rate of increase
compared to the SSP2-4.5 scenario (1.9 + 0.04 mm yr~! for SAI-1.5 against 3.7 4 0.03 mm yr~—! for
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Figure 3. Time series of global (a) thermosteric sea level (m) and (b) ocean heat content (in 10** Joules), relative to 1995-2014.
The shaded area represents 5th and 95th percentile ensemble range.
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Figure 4. For SAI and SSP2-4.5, (a) and (b) Spatial distribution of dynamic and thermosteric sea level (DSL + TSL) rise for the
period 2050-2069 and (c) and (d) trend of DSL + TSL over 2035-2069. Stipple points indicate regions where changes in sea level
trends are not statistically siginificant within different members at the 95% confidence level, determined using a t-test.

SSP2-4.5). This is effectively a 51% of reduction in the rate of SLR under SAI-1.5. Similarly, the rate of
increase in OHC for 0-5500 m is also dampened in the SAI-1.5 scenario compared to the SSP2-4.5 scen-
ario, with rates of (1.17 & 0.30) x 10?> J yr—! and (2.00 % 0.03) x 102 J yr~! respectively for SAI-1.5
and SSP2-4.5, a 42% reduction.

3.3. Spatial distribution of dynamic and TSL under SAI-1.5 and SSP2-4.5

Figure 4 shows maps of the projected changes in SLR under different climate scenarios from 2050 to
2069. Figures 4(a) and (b) show similar spatial patterns, with regions in the Pacific, Atlantic, and Indian
Oceans exhibiting higher SLR, particularly in the tropics and subtropics, reaching up to 50 cm increase
in the tropical and northwestern Atlantic Ocean under both scenarios. Figures 4(c) and (d) present the
projected local linear trends in SLR from 2035 to 2069 for SAI and SSP2-4.5 scenarios. Both scenarios
project rapid rates of SLR along the Atlantic coast of North America, but slower rates of SLR under SAI-
1.5 than SSP2-4.5 in other parts of the ocean. The trends range from approximately —10 mm yr—! to
+10 mm yr~!, with the fastest rates of rise persisting in the Atlantic Ocean regions. These maps high-
light the spatial variability in the rate of SLR, with some regions experiencing higher rates of change
than others. The SSP2-4.5 scenario again shows a high trend, with larger areas exhibiting higher rates
of SLR compared to the SAI scenario.
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Figure 5. Spatial distribution of dynamic sea level (DSL) (a) difference between SAI-1.5 (2050-2069) and BASELINE (2020-
2039), (b) difference between SSP2-4.5 (2050-2069) and BASELINE (2020-2039) and (c) difference between SAI-1.5 (2050—
2069) and SSP2.4.5 (2050-2069). Spatial distribution of DSL 4 TSL (d) difference between SAI-1.5 (2050-2069) and BASELINE
(2020-2039), (e) difference between SSP2-4.5 (2050-2069) and BASELINE (2020-2039) and (f) difference between SAI-1.5
(2050-2069) and SSP2.4.5 (2050-2069). Spatial distribution of ocean heat content (10'° ] m™—2): (g) difference between SAI-

1.5 (2050-2069) and BASELINE (2020-2039), (h) difference between SSP2-4.5 (2050-2069) and BASELINE (2020-2039) and
(i) difference between SAI-1.5 (2050-2069) and SSP2.4.5 (2050-2069) of ocean heat content (] m—2). Stipple points indicate
regions where changes in sea level variables are not statistically siginificant within different members at the 95% confidence level,
determined using a t-test.

3.4. Impact of SAI on dynamic and TSL: spatial distribution

Figures 5(a)—(c) present the spatial projected changes in DSL, providing crucial insights into potential
future impacts of climate change. In figure 5(a) increased DSL is apparent mostly in the Atlantic Ocean.
Figure (b) presents a similar analysis. Figure 5(c) shows significant positive changes in DSL with SAI
across many regions, particularly in low-lying coastal areas such as the eastern United States, where sea-
level rise is already a pressing concern. The spatial analysis indicates that these regions will likely face
heightened risks of flooding and erosion, exacerbated by ongoing climate change.

Figures 5(d)—(f) compare the projected total sea level changes under the SAI-1.5 and SSP2-4.5 scen-
arios, as well as across different time periods. The combined DSL + TSL is lower in the SAI-1.5 scenario
primarily in the Pacific, Atlantic, and Indian Oceans (figure 5(f)). It should be noted that DSL changes
are relatively minor compared to TSL. This suggests that SAI intervention could reduce the projected
increases in sea level in these major ocean basins. Figure 5(e) presents the difference in DSL + TSL
between the 2050-2069 SSP2-4.5 scenario and the 2020-2039 baseline. The positive change in the south-
ern region (60° S-90° S) in (figure 5(c)) is essentially due to the change in DSL. These results demon-
strate that while SAI may moderate the rate of projected increases in sea level across most ocean basins,
there are spatial differences with some low-lying regions potentially experiencing similar rapid SLR
under an SAI scenario.

Figures 5(g)—(i) show differences in OHC. Under the SAI-1.5 scenario, the North Atlantic shows a
moderate increase in OHC compared to the baseline period (figure 5(g)). This suggests that SAI-1.5 has
a stabilizing effect on OHC in this region. In contrast, the SSP2-4.5 scenario results in a greater increase
in heat content (figure 5(h)). This scenario indicates a higher accumulation of heat in the deep ocean,
potentially affecting ocean circulation patterns and marine ecosystems. The equatorial Pacific shows a
slight increase in heat content under the SAI-1.5 scenario, indicating that this scenario could help to
reduce some of the warming effects in this region. The Southern Ocean exhibits a relatively stable heat
content under the SAI-1.5 scenario, with only minor increases compared to the baseline. In contrast, the
SSP2-4.5 scenario shows a significant increase in heat content in the Southern Ocean, which would melt
sea ice.
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Figure 6. Vertical distribution of the thermal expansion coefficient change (o, 1076 °C™!) for (a) SAI-1.5 and (b) SSP2-4.5 and
(c) the difference over the period of 2035-2069; and (d) global vertical thermal expansion of SAI-1.5 (blue) and SP2-4.5 (red) for
the period 2035-2069. The x-axis represents the rate of thermal expansion coefficient per year (1077 °C yr—!).

3.5. Impact of SAI on sea level: vertical distribution

Figures 6(a)—(c) present the vertical distribution of the thermal expansion coefficient for the period
2035-2069, for SAI-1.5 and SSP2-4.5. Figures 6(a) and (b) show a big difference between the SAI-1.5
and SSP2-4.5 scenarios from the ocean surface down to around 2000 m, with SAI showing weaker rates
of increase in the coefficient of thermal expansion. Under SAI-1.5, the thermal expansion coefficient in
the upper 200 m is reduced due to surface cooling, freshening, and enhanced stratification, which col-
lectively suppress the temperature sensitivity of seawater density and limit vertical mixing of warmer
subsurface layers. The large differences from the surface to 400 m highlight the impact of SAI at the
ocean upper layer (figure 6(c)). From around 2000 m to the deep ocean, both profiles become sim-
ilar. Figure 6(d) presents the global vertical profile of the thermal expansion coefficient average over the
period 2035-2069, for SAI-1.5 and SSP2-4.5. These figures show that the contribution of thermal expan-
sion in the upper 2000 m would still continue under SAI-1.5 at a similar rate as that of SSP2-4.5.

To explore how the thermal expansion coefficient changes with latitude and depth, figure 7 illustrates
its distribution (°C™!) across different latitudes and depths under SSP2-4.5 and SAI-1.5 scenarios. In
SSP2-4.5, the thermal expansion coefficient increases over the first 1000 m of depth, with deeper changes
observed in the extratropical regions of both hemispheres and shallower changes in the tropical zone
(figure 7(a)). Under SAI-1.5, the vertical and latitudinal distribution of the thermal expansion coeffi-
cient is similar to that of SSP2-4.5, though with weaker values overall (figures 7(a) and (b)). SAI-1.5
reduces the thermal expansion coefficient compared to SSP2-4.5, with the largest differences occurring
in the extratropical regions (figure 7(c)). The larges reductions in the rate of thermal expansion are in
the Northern Hemisphere, while in the tropical region, the reduction is limited to a very shallow ocean
layer. This suggests that SAI-1.5 will have minimal impact on SLR due to thermal expansion in the trop-
ical area, but could be most effective in extratropical regions, potentially mitigating the rate of SLR.

Figure 8(a) shows the impact of the SAI-1.5 and SSP2-4.5 scenarios on sea surface temperature (SST)
changes relative to the reference period from 1995 to 2014, showing that SAI could counteract warming
and even cool SSTs in certain regions compared to the baseline. To emphasize the contribution of sub-
surface heat accumulation to SLR under SAI-1.5, figure 8(b) presents the change in OHC across different
depth layers relative to the reference period from 1995 to 2014. The upper layer (0-200 m), which dir-
ectly influences SSTs and marine life, shows no significant increase in OHC under SAI-1.5, indicating
that surface heat gain is effectively offset. In contrast, the deeper layer (200-2000 m) shows a substantial
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Figure 7. Latitude-depth distribution of thermal expansion coefficient (o, °C™!), relative to 1995-2014: (a) SAI-1.5 and (b)
SSP2-4.5 and the difference between SAI-1.5 and SSP2-4.5 from 2050 to 2069. Stipple points indicate regions where differences
within different members are not statistically significant at the 95% confidence level, determined using a t-test.

increase in OHC under the SSP2-4.5 scenario (1.68 x 10?? J yr—!), while SAI-1.5 shows a smaller pos-
itive trend (1.16 x 10?? J yr—!), suggesting mitigation of deep ocean heat accumulation. Increases in sea
level under SAI are primarily driven by thermosteric changes originating from OHC accumulation in the
200-2000 m layer (figures 2(a) and (b)), rather than surface warming. This pattern highlights that while
SAI alters surface conditions, its influence on subsurface ocean heating and associated steric SLR is less
pronounced.

Figure 8(c) presents the net energy flux (Qngr) changes relative to the reference period from 1995 to
2014 for SSP2-4.5 associated to table 2. The Qugr values show no trend for the SAI-1.5 scenario, indic-
ating that solar radiation management could effectively reduce the net energy absorbed by the ocean. In
contrast, the SSP2-4.5 scenario exhibits a relative increase in Qugr over time, aligning with the projected
rise in greenhouse gas emissions. All variables have been estimated relative to the mean reference period
from 1995 to 2014.

Figures 8(a)—(d) collectively illustrate the differences between SAI-1.5 and SSP2-4.5 in terms of pro-
jected SST, OHC, and net energy flux and tendency of OHC. SAI-1.5 demonstrates a capacity to stabilize
SST and limit OHC increases in the upper 200 m layers, while effectively reducing net energy absorp-
tion. In contrast, SSP2-4.5 projects a concerning trend of rising of SSTs and OHC, driven by continued
greenhouse gas emissions.

The absence of a linear trend in SST and upper-OHC in the 0-200 m layer, alongside an increase
in full-depth OHC under SAI-1.5, motivates an evaluation of the global ocean heat budget. This budget
is estimated by assuming that the rate of heat gain or loss in the ocean is equal to the net surface heat
fluxes (Qngr) at the ocean-atmosphere interface, plus a residual term.

Under the SSP2-4.5 scenario, Qngr and the OHC tendency exhibit the same linear trend, but with a
nearly constant offset, represented by the residual (figure 8(c)). This indicates that the long-term trend
in global ocean heat gain is primarily driven by net surface fluxes, while other processes contribute addi-
tional heat at a steady rate. In contrast, under the SAI-1.5 scenario, neither Qngr nor the OHC tendency

11
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Figure 8. Time series of global (a) sea surface temperature changes, (b) ocean heat content changes, and (c) net surface energy
flux (Quer) tendency of OHC changes, and the residual for SSP2-4.5 scenario (2015-2069) and (d) Qugr, tendency of OHC and
dOHC/dt and the residual for SAI-1.5 (2035-2069). The shaded regions illustrate the 5th to 95th percentiles, highlighting the
variability of the 10 members used for each scenario.

Table 2. Projected trends in OHC (10?? J yr—!) estimated over different layers for SAI-1.5 and SSP2-4.5 scenarios, relative to

1995-2014.
Scenario OHC (0-200 m) OHC (200-2000 m) OHC (0-2000 m)
SAI-1.5 —0.03 1.16 1.13
SSP2-4.5 0.50 1.68 2.19

shows a long-term trend, yet the residual remains nearly constant, similar in magnitude to that in the
SSP2-4.5 case (figure 8(d)). This consistent residual suggests that the systematic nearly constant warm-
ing under both SSP2-4.5 and SAI-1.5 scenarios originates from the same underlying process. Under the
SAI-1.5 scenario, this process occurs primarily below 200 m.

Figure 9 shows the evolution of global mean wind stress energy transfer changes to the ocean surface
under SSP2-4.5 and SAI-1.5 scenarios, relative to the historical reference period (1995-2014). These val-
ues have been estimated by removing the historical mean values of wind energy transfer (from the ref-
erence period) from those of the SAI-1.5 and SSP2-4.5 scenarios. The ensemble mean trajectories reveal
a clear divergence: SSP2-4.5 exhibits consistently higher and more variable wind stress energy transfer,
while SAI-1.5 remains near zero throughout the period. The shaded bands represent the 5th-95th per-
centile range across ensemble members, highlighting the internal variability within each scenario. The
muted wind stress forcing under SAI-1.5 reflects the impact of SAI on atmospheric circulation and sur-
face momentum fluxes. This reduction in mechanical energy input may help explain the slower increase
in surface-layer OHC observed under SAI-1.5, despite similar net surface heat flux (Qngr) compared
to SSP2-4.5. Wind stress energy transfer, as shown here, provides a complementary diagnostic to Qngr,
capturing the dynamical energy available for vertical mixing and heat redistribution. The figure high-
lights the importance of mechanical forcing in shaping near-surface ocean energetics.
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Figure 9. Projected wind stress energy transfer changes relative to the reference period from 1995 to 2014 for the ocean surface

(W-m™2) under SSP2-4.5 and SAI-1.5 scenarios from 2015 to 2065. Solid lines represent the ensemble mean for each scenario
(red: SSP2-4.5; blue: SAI-1.5), while shaded areas indicate the 5th-95th percentile range across ensemble members.

3.6. Global coastal sea level changes

Figure 10 illustrates projected changes in DSL and TSL along global coastlines under SSP2-4.5 and SAI-
1.5 for the period 2050-2069 relative to the baseline of 2020-2039 (SSP2-4.5 scenario). In this study, the
term, ‘coastal region’ refers to sea level values extracted at grid points adjacent to land boundaries, as
defined by a coastline shapefile. This usage is informal and does not correspond to a predefined CESM
coastal mask. The figure highlights regional variations in projected sea level change and the implications
for coastal communities. Figure 10(a) shows DSL changes for SSP2-4.5 relative to baseline, revealing sub-
stantial increases in sea level, particularly along the eastern coast of North America and the western coast
of Europe. These areas are facing heightened risks of flooding and erosion, threatening infrastructure
and ecosystems. Conversely, some regions in the southern hemisphere, such as parts of South America
and Australia, demonstrate relatively stable DSL values or projected decreases. Figure 10(b) illustrates
the difference between DSL changes under SAI-1.5 and under SSP-2.45 for the period 2050-2069. While
some regions, especially in the Arctic and Southeast Asia, project reduced rates of DSL increase, oth-

ers, including the Caribbean and Gulf of Mexico, project continued rapid increases in DSL and asso-
ciated risks. Figure 10(c) presents the change of TSL for the SSP2-4.5 scenario relative to the baseline.
Regions like the Caribbean and Southeast Asia are particularly vulnerable, as increasing sea level is pro-
jected. Figure 10(d) shows changes in TSL under the SAI-1.5 scenario compared to SSP2-4.5 at the end
of the simulation (2050-2069), most coastlines project a lower rate of TSL under SAI-1.5. Figures 9(e)
and (f) combine DSL and TSL data for both scenarios. Figure 10(e) projects alarming sea level increases
for the SSP2-4.5 scenario, relative to the baseline, along the coasts of South Asia and the eastern United
States. In contrast, figure 10(f) shows the difference in projected total sea level change under SAI-1.5 rel-
ative to SSP-2.45. The results suggest that SAI-1.5 could mitigate the rate of SLR in the Arctic and parts
of Europe, although all coastlines will continue to experience SLR, and some coastlines are projected to
experience similar or increased rates as those projected under SSP2-4.5.

4. Discussion and summary

This study highlights the significant potential of SAI as a climate intervention strategy to mitigate the
rate of SLR, and increases in OHC and thermal expansion compared to SSP2-4.5. This study differs from
that of Yue et al [3] by calculating regional thermosteric sea level components at each grid cell rather
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Figure 10. Projected dynamic and thermosteric sea level changes along global coastlines under two climate scenarios in 2050—
2069. (a) Dynamic sea level (DSL, cm) for SSP2-4.5 relative to the baseline (2020-2039). (b) Difference in DSL changes for SAI-
1.5 relative to SSP2-4.5 (2050-2069). (c) Thermosteric sea level changes (TSL, cm) for SSP2-4.5 relative to the baseline (2020—
2039: SSP2-4.5). (d) Difference in projected TSL (cm) changes for SAI-1.5 relative SSP2-4.5 (2050-2069). (e) Combined dynamic
and thermosteric sea level (DSL + TSL, cm) for SSP2-4.5 relative to the baseline (2020-2039). (f) Difference in Combined DSL
and TSL (cm) changes for SAI-1.5 relative SSP2-4.5 (2050-2069).

than as a global thermosteric estimate. The research indicates that SAI can effectively stabilize global
SST and OHC in the upper layers of the ocean, and reduce the rates of SLR but will not stop sea levels
increasing. However, it also reveals complex dynamics in deeper ocean layers, where ongoing warming
continues to occur, showing that SADs effects are not uniform across all ocean depths.

One of the critical insights from the study is the importance of understanding regional variations
in climate responses. The impacts of SAI differ across ocean basins and depths, and the regional con-
tributions of thermosteric and DSL s highlight the necessity for comprehensive climate modeling that
incorporates both thermosteric and halosteric effects. SAI can mitigate thermal expansion in vulnerable
extratropical regions, demonstrating its potential utility in climate adaptation strategies. However, OHC
continues to rise particularly between depths of 200-2000 m, highlighting the ongoing subsurface heat
accumulation that contributes to long-term SLR. The study emphasizes that SAI should not be viewed as
a standalone solution for addressing climate change impacts. SAI primarily focuses on reflecting sunlight
to reduce surface temperatures but does not address other impacts of high atmospheric CO,, such as
ocean acidification and changes in marine ecosystems [30]. This study also reveals significant variations
in SLR across global coastlines, with SAI-1.5 projecting a reduction in the rate of SLR along most coast-
lines, while SSP2-4.5 suggests more aggressive and widespread rises, especially along densely populated
coastal areas. While SAI may alleviate some climate change impacts, substantial risks remain for some
vulnerable coastlines mainly in the Southern Ocean.
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The divergent wind stress energy transfer changes relative to the reference period from 1995 to 2014
under SSP2-4.5 and SAI-1.5 (figure 9) underscore the role of mechanical forcing in modulating ocean
heat uptake beyond net surface heat flux (Qngr) alone. While both scenarios exhibit comparable Qugr
trends, the markedly reduced wind stress energy transfer changes under SAI-1.5 suggests diminished
mechanical energy input to the ocean surface, potentially limiting vertical mixing and delaying surface-
layer warming. This aligns with findings by Kravitz et al [31], who noted persistent ocean heating under
geoengineering despite near-zero Qgr-.

The continued rise in sea level and elevated subsurface OHC (200-2000 m) under SAI-1.5 likely
reflects a combination of thermal expansion at depth, lateral and vertical heat redistribution [32],
residual mechanical forcing [31], cryospheric freshwater input, and suppressed deep ocean ventilation
[1]. These mechanisms highlight the importance of dynamical processes in shaping long-term ocean
responses. The muted surface signal under SAI-1.5 should not be interpreted as a lack of ocean warm-
ing, but rather as a redistribution of heat into deeper layers, sustained by oceanic inertia and altered
circulation [33].

One important limitation to note is that while CESM2 includes an interactive ice sheet model for
Greenland (CISM2), the ocean model (POP2) does not account for the gravitational, rotational, and
deformational (GRD) effects that come with land ice loss. These effects often called the ‘sea level finger-
print’ cause sea level to drop near the melting ice sheet and rise more strongly in regions farther away.
Since POP2 does not simulate this redistribution dynamically, the patterns of DSL shown here reflect
changes due to ocean circulation and density, but not the GRD signal.

This is particularly salient when interpreting regional sea level changes. For example, in areas far
from Greenland, GRD effects can dominate the sea level response, and their absence in the coupled sim-
ulation means those patterns may be incomplete. While GRD adjustments can be estimated using offline
tools, they are not part of the ocean model’s internal physics. This remains a limitation in our interpret-
ation and points to a clear direction for future model improvements that could better capture the spatial
complexity of sea level change.

The vertical and regional patterns we find under SAI-1.5 show a broader signal emerging from recent
ocean heat uptake studies. Li et al [34] showed that almost 90% of the heat gained by the global ocean
since 2005 has been stored in mode and intermediate waters, with clear contrasts between basins and
hemispheres. This perspective reinforces our result that even when SAI slows surface and upper-ocean
warming, a significant share of excess energy still penetrates to depths of 200-2000 m. In practice, this
means that the ‘cooling’ seen at the surface is more a reshuffling of heat into subsurface layers than an
end to ocean warming. That redistribution has long-term consequences from thermal expansion driving
continued sea-level rise to shifts in the circulation patterns that mode waters help sustain.
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