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Abstract. Climate change profoundly modifies the global ocean potentially threatening marine ecosystems. Under the Paris
Agreement, the international community aims to limit global warming by achieving net-zero CO, emissions, through the
balance between CO, emissions and removals. Yet, the response of the ocean to net-zero, and associated impacts, remains
poorly understood. Prevailing Global Warming Level (GWL) approaches applied to analyse the impacts of climate change
on the ocean overlook committed changes arisen after emissions cessation. Using the CNRM-ESM2-2 Earth system model,
we perform 300-year net-zero simulations spanning +1.1 °C to +5 °C above pre-industrial levels, to investigate the ocean
responses to CO, emissions cessation, and how they depend on the warming level at which net-zero emissions is reached.
Focusing on sea surface temperature (SST) and marine heatwaves (MHW) — key threats for marine ecosystems — we find
substantial departures from transient responses throughout the 300-years of stabilization. At the Paris Agreement targets of
+1.5 °C and +2.0 °C above pre-industrial levels, 26 % and 32 % of the global ocean, respectively, exhibit simultaneous
increases in SST mean and variance as compared to transient warming simulations. These changes cover particularly the
high latitudes and Southern ocean. MHW reorganize rapidly after emissions cease, with a poleward shift in frequency,
declines in the tropics, and overall sustained intensity. Altogether, these non-transient responses indicate that standard GWL
approaches underestimate MHW reorganization by decades to centuries. Net-zero simulations are therefore critical for robust

projections of marine ecosystem risk at stabilized global warming levels.

1 Introduction

The Paris Agreement aims to halt “the increase in the global average temperature to well below 2°C above pre-industrial
levels”, pursuing efforts to limit warming to 1.5°C (UNFCCC, 2015). It assumes most climate impacts will slow or stabilize
once incremental warming ceases, as observations link multiple impacts to rising warming (C. D. Jones et al., 2019;
MacDougall et al., 2020; Palazzo Corner et al., 2023). This has driven widespread use of the global warming level (GWL)
approach: extracting periods of a few decades centered on target GWL from continuously warming future projections
(Frolicher et al., 2018; King et al., 2017). This framework underpinned key assessments, including the Special Report on
global warming of 1.5 °C (IPCC SR1.5, Masson-Delmotte et al., 2018). Yet stabilizing global climate at warming targets
requires reaching net-zero CO, emissions (Matthews & Caldeira, 2008), which reveal limitations in transient projections,

where global mean surface air temperature (GMSAT) keeps rising through analysis windows. Such frameworks thus miss
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the equilibrium dynamics of the Earth system and long-term spatio-temporal evolution under stable conditions, challenging

the Paris Agreement (King et al., 2020, 2021).

Several protocols have emerged to simulate stabilized GWL (SWL, C. Jones et al., 2025; C. D. Jones et al., 2019; Sanderson
et al., 2025; Terhaar et al., 2022). Although idealized and feasibility-debated, these pathways represent optimistic scenarios
for constraining climate below temperature thresholds. However, stabilizing GMSAT does not equate to the steady-states of
other Earth system components (Lacroix et al., 2024; Palazzo Corner et al., 2023; Silvy et al., 2024; Terhaar et al., 2023).
Indeed, Silvy et al., (2024) and Lacroix et al., (2024) show a decline of the Atlantic meridional overturning circulation
(AMOC) and sea-ice concentration when GMSAT is halted to +2 °C, followed by a recovery several decades later due to
Earth system feedback. On the other hand, Lacroix et al., (2024) and Terhaar et al. (2023) showed that some fields, such as

sea level rise or ocean acidification, continue evolving independently from GMSAT stabilization.

The ocean plays a key role by slowing down the rate of atmospheric CO, accumulation (i.e. carbon pump, Canadell et al.,
2021) and absorbs approximately 90 % of excess heat accumulation resulting from the positive Earth’s energy imbalance
related to anthropogenic emission of greenhouse gases (von Schuckmann et al., 2023), making it the Earth system’s primary
heat reservoir. Nonetheless, the ocean exhibits a strong thermal inertia. It has been shown that it keeps taking up heat over
decadal to centennial scales even without added radiative forcing (Gillett et al., 2011; MacDougall et al., 2020). Net-zero
simulations thus reveal ocean responses and impacts distinct from those expected in transient GWL analyses focused on

short windows, potentially underestimating the full adjustment at a given GWL.

Within this context, concern is growing regarding socio-economic and ecosystemic impacts of global warming (Doney et al.,
2012; Smith et al., 2021). Multiple lines of evidence report the ecological consequences of ocean warming for organisms
(Portner & Farrell, 2008), including observed poleward shifts of major phytoplankton communities (Hutchins & Tagliabue,
2014). Furthermore, enhanced thermal variability and more frequent extreme temperature events, referred to as marine
heatwaves (MHW, Hobday et al. 2016, Oliver et al. 2021), may exert physiological stress or even mortality of organisms that
can overweight the sole response to shift in the mean temperature (Smith et al., 2023; Vasseur et al., 2014; Wernberg et al.,
2025). These events — attributable to anthropogenic climate warming — are projected to intensify in frequency, duration, and
intensity under transient anthropogenic emissions (Capotondi et al., 2024; Frolicher et al., 2018; Laufkétter et al., 2020).
Overall, changes in the shape of temperature distributions as well as changes in vertical temperature ranges are shown to

impact marine ecosystems (Guinaldo & Neukermans, 2026; Santana-Falcon & Séférian, 2022).

Despite this urgency, ocean responses to climate stabilization — particularly shifts in temperature distributions and extreme
events like MHW — remain poorly investigated. Here, we fill this gap by using the TipMIP protocol (C. Jones et al., 2025),
which consists in shutting down CO, emissions once target temperatures are reached after a continuous global warming
ramp-up stage. The stabilization, then, rests on reaching an equilibrium between (i) a cooling effect due to a decrease in
radiative forcing and (ii) a warming effect linked to heat transfer at the sea surface to the atmosphere (MacDougall et al.,

2020; Palazzo Corner et al., 2023).
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In the present study, we specifically aim to broaden our understanding on (i) how the ocean will respond to CO, emission
cessation, and (ii) how this response is modulated by the level of warming at which net-zero emissions are reached. We
extend the TipMIP protocol with nine net-zero CO, emission simulations using the CNRM-ESM-2-2 model. They span
SWLs from +1.1 °C to +5.0 °C relative to pre-industrial levels (evenly sampled each 0.5 °C). We focus on sea surface
temperature (SST) distributions and MHW which are key indicators of risks for marine ecosystems. Simulations, methods
and definitions are described in Sect. 2.2. We characterize global stabilization results in Sect. 3.1. Then, Sect. 3.2 dives into
the analysis of SST distributions. Finally, we investigate the evolution of marine heatwaves frequency and intensity, through

time and in-between the transient and stabilized storylines in Sect. 3.3.

2 Methods
2.1 CNRM-ESM2-2

This study analyzes model outputs of CNRM-ESM2-2 (Bossert et al., 2025), the improved version of the Earth System
model of second generation developed by CNRM-CERFACS. Compared to its previous version (CNRM-ESM2-1, Séférian
et al., 2019), CNRM-ESM2-2 offers an improved representation of the global carbon cycle, of several Earth system

interactions (aerosols-light, biophysics, etc.) as well as an improved treatment of the anthropogenic disturbance on land.

The atmosphere component of CNRM-ESM2-2 is based on version 6.3 of the global spectral model ARPEGE-Climat
(ARPEGE-Climat_v6.3, Roehrig et al., 2020). ARPEGE-Climat resolves atmospheric dynamics and thermodynamics on a
T127 triangular grid truncation that offers a spatial resolution of about 150 km in both longitude and latitude. CNRM-ESM2-
2 employs a "high-top" configuration with 91 vertical levels that extend from the surface to 0.01 hPa in the mesosphere; 15

hybrid c-pressure levels are available below 1500 m.

The ocean component of CNRM-ESM2-2 is the Nucleus for European Models of the Ocean (NEMO) version 3.6 (Madec et
al., 2017) which is coupled to both the Global Experimental Leads and ice for ATmosphere and Ocean (GELATO) sea-ice
model (Salas Mélia, 2002) version 6 and the marine biogeochemical model Pelagic Interaction Scheme for Carbon and
Ecosystem Studies version 2-gas (PISCESv2-gas, Aumont et al., 2015; Berthet et al., 2023). NEMOvV3.6 operates on the
eORCAI1L75 grid (Mathiot et al., 2017) which offers a nominal resolution of 1° to which a latitudinal grid refinement of 1/3°
is added in the tropics. This grid describes 75 ocean vertical layers using a vertical z*-coordinate with partial step

bathymetry formulation (Bernard et al., 2006).
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2.2 Simulation protocol
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Figure 1. Stabilization protocol schemes. Schemes illustrating the CO,-emissions forcing parameterization and the expected global
mean surface air temperature (GMSAT). Panel (a) illustrates the forcings for the ramp-up run (red thick line) are set to 11,378
PgC yr'. These emissions are then successively shut down for each net-zero branch (arrows going from yellow to dark red as the
global warming target is increasing) which keep running after emission cessation. Panel (b) shows the expected GMSAT during
the ramp-up and net-zero stages of the experiment. A zoom in the later panel is plotted in (c) and displays the two comparison
approaches used in this study. Black outlined boxes show the 21-year periods taken from the transient ramp-up at each global
warming levels and gray shaded boxes show the 21-year or 300-year of data extracted in the net-zero runs. (a-c) Colors grading
from yellow to dark red stand for the different net-zero runs. The red curve is the ramp-up simulation with corresponding round
markers showing the years where net-zero runs start.

Using the CNRM-ESM2-2 model, we produced nine multicentennial-long simulations in which CO, emissions are brought
abruptly to zero and where, in consequence, GMSAT is expected to stabilize at various GWL (see Fig. 1). This section

describes the experimental protocol employed to generate such simulations.

CNRM-ESM2-2 simulations were performed in emission-driven mode, a framework where the model computes the
evolution of atmospheric CO, thanks to the simulated global carbon cycle and to prescribed monthly-updated net
anthropogenic CO, emissions. This mode is chosen because only emission-driven models can capture the balance between
the ocean heat/carbon storage and atmospheric CO, radiative forcing, which is essential to realistically model the response to

net-zero emissions (MacDougall et al., 2020).

We first ran a 500-year emission-driven preindustrial control simulation (esm-piControl hereafter) following CMIP6
protocol (Eyring et al., 2016), from which we can infer the GWL (taken as the warming from the preindustrial mean

climate). From the esm-piControl simulation, we branched an idealized simulation aiming to model a GMSAT increase of
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+0.2 °C per decade (02Kpd experiment). This level of warming replicates the current observed global warming rate
(Matthews & Wynes, 2022). Achieving the 02Kpd ramp-up simulation requires linking the target GMSAT increase (AT) to
the monthly cumulative CO--emissions prescribed to force the CNRM-ESM2-2 (AE).

AE is derived from the transient climate response to cumulative CO, emission (TCRE) of CNRM-ESM2-2, which was
computed following Arora et al., (2020). The ratio between AT and the TCRE results in the amount of yearly CO, emissions,
i.e., AE, to be prescribed in our emission-driven model in order to perform the 02Kpd simulation. Here our TCRE equals
1.758 °C Eg C"', and AT is +0.02 °C yr™'. Thus, we distribute a global forcing AE of 11.378 Pg C yr"' propagated uniformly

on each model grid cell and evenly distributed monthly.

Figure la-b illustrates the protocol to generate the nearly stabilized GMSAT simulations. We monitored the 02Kpd
simulation to check when the 31-years rolling-mean GMSAT anomaly reaches the first GWL target, which is +1.1 °C
relative to pre-industrial mean (taken as the mean of the esm-piControl simulation) in order to represent current observed
global warming levels. The 31-years rolling-mean, recommended in Jones et al., (2025), ensures that the GWL is reached at
a climatological scale and is not just the result of a warmer year due to natural variability. When reaching this target, CO,
emissions are set to zero (top-to-bottom arrow in Fig. la), and a net-zero branch is started on January 1st of that year. The
same procedure is done for the subsequent GWL targets (i.e. spanning from +1.5 °C to +5.0 °C every 0.5 °C increments).
We end up with nine 300-year net-zero branches called 02Kpd-XX, where XX is the respective GWL target (see the

experiment identifications in Table 1) .
2.3 Analysis framework and diagnostics

2.3.1 Comparison approach

Table 1. Summary of the transient and net-zero CO; emissions experiments associated with their global warming levels (GWL)
targets. The beginning and end year of each run is given. Transient baselines for each GWL are the 21-year periods baselines
extracted from the 02Kpd experiment to be compared with the 300-years of stabilization or the three 21-year periods called early-
stable, mid-stable and late-stable.

GWL | Experiment ID | Span in time | Transient baseline | Early stable Mid stable Late stable
(SWL300) (TWL) (SWL.) (SWL.) (SWL.)

Transient framework
- 02Kpd 1850-2149 - - - -
Net-zero framework
+1.1°C 02Kpd-11 1902-2201 1892-1912 1902-1922 2042-2062 2181-2201

+1.5°C 02Kpd-15 1923-2222 1913-1933 1923-1943 2063-2083 2202-2222
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+2.0 °C 02Kpd-20 1949-2248 1939-1959 1949-1969 2089-2019 2228-2248
+2.5°C 02Kpd-25 1972-2271 1962-1982 1972-1992 2112-2132 2251-2271
+3.0 °C 02Kpd-30 1997-2296 1987-2007 1997-2017 2137-2157 2276-2296
+3.5°C 02Kpd-35 2022-2321 2012-2032 2022-2042 2162-2182 2301-2321
+4.0 °C 02Kpd-40 2044-2343 2034-2054 2044-2064 2184-2204 2323-2343
+4.5 °C 02Kpd-45 2066-2365 2056-2076 2066-2086 2206-2226 2345-2365
+5.0 °C 02Kpd-50 2087-2386 2077-2097 2087-2107 2227-2247 2366-2386

One aim of this study is to analyze (i) how ocean temperature distributions and extremes will respond to CO, emission
cessation and (ii) how this response is modulated by the level of warming at which net-zero emissions is reached. Therefore,

we need to track changes between transient and net-zero CO, emissions simulations at the same GWL.

In the following, we will distinguish stabilized warming levels (SWLs) and transient global warming levels (TWLs). SWL
generally refers to net-zero CO, emission simulations at a given GWL whereas TWL refers to the 21-year periods centered
around the year when a given GWL is reached in the ramp-up simulation (see Sect. 2.3.3). This time window is consistent

with IPCC ARG practices (Eyring et al., 2021).

In this regard, two comparison approaches are employed here. In the first approach, we consider each 300-years net-zero
experiment as a whole (gray shaded box shown for 02Kpd-11 in Fig. 1c). They will be referred to as SWL 3. In the second
approach, we define SWL,; as individual 21-year time periods extracted from the 02Kpd-XX experiments (gray shaded
boxes shown for 02Kpd-20 in Fig. 1c). It provides insights into the possible temporal evolution appearing throughout net-
zero. We focus mostly on the first, mid and last 21-year of net-zero, respectively referred to as early-, mid- and late-stable.
We compare the SWLso and SWL;, states with their respective TWL states (black outlined boxes in Fig. 1c). The complete
comparison method is schematized in Fig. 1c¢ for 02Kpd-11 (first approach) and 02KPd-20 (second approach). An inventory

of the time periods for transient, early-, mid- and late-stable is presented in Table 1.

2.3.2 Global averages and metrics definitions

Global averages and metrics are calculated to inform on the overall behaviour of the Earth system after CO, emissions
cessation for all runs. Surface air temperature, atmospheric CO, concentration, and sea surface temperature are calculated as
area-weighted global means, using the surface area of each grid cell as weights. These global variables are referred to as

GMSAT, GMCO2, and GMSST, respectively. Anomalies relative to the pre-industrial mean state are named AGMSAT,
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AGMCO?2, and AGMSST. We also evaluate in depth ocean temperature with a subsurface layer (10-70m) and a deeper layer
(100-500m). Their global averages are evaluated by applying a grid cell volume weighted mean.

The temporal evolution of radiative forcings (ARF) was derived from GMCO?2 using the relationship from Myhre et al.,

(1998) expressed in Eq. (1) with t, the year where the net-zero run starts.

GMCO?|t|

ARF|t)=5.35In| ———— 1|,
GMCO 2|t,|

Q)
The ocean heat uptake (AOHU) was globally integrated and calculated as a departure from its initial value (to). Conventions
for both ARF and AOHU were taken as positive fluxes when reaching the atmosphere. To address the imbalance between
ARF and AOHU after net-zero, we compute the difference between the two variables. The AMOC index is defined as the in-

depth maximum of the meridional stream function at 26 °N.

Finally, we assess Zero Emission Commitment (ZEC) metrics for each net-zero run and at various time horizons after
emissions cessassion noted ZEC,. As in MacDougall et al., (2020), they are defined relative to the year where emissions

cease (to) and averaged over a 21-year window centered around year t., as expressed in Eq. (2). In addition, we evaluate an

overall ZEC defined over the whole 300-years of net-zero.

+10
ZECt—i Z (GMSAT k|- GMSAT [t @)

2.3.3 Distribution of SST anomalies

We compute the daily SST anomalies in the 02Kpd simulation and in the various 02Kpd-XX simulations as departure from a
daily climatological cycle smoothed with a 31-days running average. We choose the 21-year transient time periods TWL as
baselines for our climatological cycles. We then look at the first two statistics of the SST anomaly distributions for each

GWL and each framework. Statistics over the SWL3g, time periods are made on daily 300-year samples (n~ 109800) while
those calculated over the SWL,; and TWL periods are made on daily 21-year samples (n =~ 7686).

Statistic’s name are shortened as follows: mean (i) and standard-deviation (o). An increase of each of these statistics would
imply a greater risk of facing extreme events for species sensitive to higher environmental temperature. We compare p and
in the net-zero and in the transient framework using the approaches described in Sect. 2.3.1. Skewness is not shown here,
nonetheless focus has been put on MHW which also inform on the tail of the distribution.

We used various parametrical and non-parametrical statistical tests to assess if samples in the net-zero simulations are
significantly different from the transient samples in terms of mean, variance and followed statistical law. First, the
parametrical Welch t-test (Welch, 1947) was applied to test the null hypothesis that two samples have the same mean. It

enables testing samples of different length and it has the advantage of being reliable when samples have unequal variance.
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Then, to test for the statistical significance of different variance between the transient and the net-zero samples we used the
parametrical Levene t-test (Levene, 1960). Finally, we applied a Kolmogorov-Smirnov non-parametric test (Massey Jr.,
1951) to check if the shape of the distribution in the net-zero simulations are deemed significantly different from the
distribution of their respective transient baseline (TWL). For all these tests, we reject the null hypothesis if the p-value is

below the 5 % significance level.

Furthermore, we applied a False Discovery Rate (FDR, Benjamini & Hochberg, 1995) on our p-values to avoid false

significance in isolated grid cells and overestimation of significance due to spatial autocorrelation.

2.3.4 Marine heatwaves definitions

Marine heatwaves are discrete events where the SST is anomalously high, exceeding a given threshold for a given period of
time. Many definitions exist and they mainly lie on a choice of baselines, duration of exceedance as well as thresholds which

depend on the intended application (Amaya et al., 2023; Hobday et al., 2016; Oliver et al., 2021; Smith et al., 2023).

MHW are here defined using a seasonally varying daily climatological threshold corresponding to the 90th percentile of the
local daily SST distribution. Using this definition, temperature extremes lie in the warm tails of the SST distributions.
Therefore, they supplement the information given by the SST anomalies distributions described in Sect. 2.3.3. The daily
percentile seasonal cycle is smoothed using a 31-days running average to get rid of noise in the low-sampled seasonal cycle
as was done in Le Grix et al., (2021). We do not spatially gather coherent gridcell facing a MHW. Furthermore, no duration
threshold was used in this study, since relevance of a duration threshold is highly arbitrary as may vary among studied
processes and impacts. However, this choice has some limitations since the ecological implications of short-lived and

prolonged MHW can differ markedly and are not distinguished in this study.

Here, to compare transient and net-zero schemes we chose as baselines the TWL periods defined in Table 1 (see also black
outlined boxes in Fig. 1c). Hence, each net-zero run has its own baseline defined in the transient space (TWL). The choice of
a fixed baseline is motivated by the fact that we want to compare two different frameworks and especially changes between
transient and stabilized worlds. From an ecological perspective, however, the use of a fixed transient baseline may not fully
capture the relevance of MHW in a steady ocean warming where organisms may adapt to shifting thermal regimes or shift

their position to more favorable conditions if possible (Amaya et al. 2023).

Extreme events are detected in the transient (21-year) and the net-zero time series (300 years). Two metrics were
investigated: frequency and intensity. MHW intensity is defined as the temperature exceedance above the 90th percentile
threshold. MHW frequency is defined as the number of days facing an extreme over the total number of days in the

considered time series (21 years for TWL and SWL,, and 300 years for SWLs).
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3 Results and discussion

3.1 Global climate state after net-zero emission

a. AGMCO2 b. AGMSAT c. AGMSST
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Figure 2. Climate climate state during ramp-up and net-zero. Outputs of the ramp-up and net-zero runs for (a) atmospheric CO,
concentration (GMCO2), (b) global mean surface air temperature (GMSAT), (c) global mean sea surface temperature (GMSST),
(d) anomalies in radiative forcing (ARFco2), (¢) anomalies in ocean heat uptake (AOHU) and (f) the energy imbalance between
AOHU and ARFco;. Colors grading from yellow to dark red stand for the different net-zero runs. The pre-industrial control is
shown in black. The red curve is the +0.2 °C per decade ramp-up simulation with corresponding round markers showing the years
where net-zero runs start. AOHU and ramp-ups are smoothed with LOWESS regressions and 31-year running-mean respectively.
Units are indicated in brackets within panels. Time since ZE refers years since the beginning of zero-emission.

We first computed the global mean of a diverse set of variables to examine the global scale temperature stabilization and the
physical state that stems out of net-zero. Figure 2 shows the evolution of AGMCO2, AGMSAT, AGMSST, ARF, AOHU and
their imbalance during the 02Kpd ramp-up and 300-years following CO»-emission cessation relative to esm-piControl mean.

In all net-zero simulations, GMCO?2 declines exponentially resulting from the carbon-pump led by the land and ocean sinks,

9
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consistent with other models after net-zero (C. Jones et al., 2025; MacDougall et al., 2020) or CO, emission pulses (Joos et

al., 2013; Zickfeld et al., 2021).

GMSAT shows a relatively good stabilization after net-zero (Fig. 2b), with the exception of 02Kpd-45 and 02Kpd-50 ,
which show a slight decline. Table 2 quantifies the Zero Emissions Commitment (ZEC) metric across time horizons. Despite
the largest slopes for 02Kpd-45 and 02Kpd-50 (-0.012 °C per decade and -0.013 °C per decade respectively) they have a
relatively small ZEC, as the run starts warmer than the expected GWL, and then the decline balances through the second half
of the run being colder. In this high-warming climate states, this feature is due to the ocean inertia to take up most of the
energy imbalance due to the important accumulation of CO, into the atmosphere during the first decades. Experiments
02Kpd-11 and 02Kpd-15 show the largest ZEC due to sustained undershoot. Overall, ZEC are well constrained within the
0.4 °C range expected for 20 years transient GWL.

Table 2. GMSAT anomaly relative to the first year of the net-zero experiments and averaged over 21-year periods centered
around the 25th, 50th, 290th and whole time series for ZEC,s, ZECs), ZEC,y and ZEC respectively. The last column indicates the
slopes of each time series.

Experiment ID ZEC;s [ °C] ZECs | °C] ZECyy [ °C] ZEC [ °C] Slope
[°C per century]

02Kpd-11 -0.32 -0.35 -0.42 -0.36 -0.05
02Kpd-15 -0.13 -0.10 -0.24 -0.14 -0.03
02Kpd-20 -0.04 0.01 -0.05 -0.06 -0.01
02Kpd-25 -0.03 -0.02 -0.14 -0.02 -0.03
02Kpd-30 0.11 0.08 -0.02 0.10 -0.03
02Kpd-35 0.00 0.06 -0.00 0.01 -0.02
02Kpd-40 0.15 0.19 0.15 0.17 -0.00
02Kpd-45 0.08 0.12 -0.24 -0.04 -0.12
02Kpd-50 0.18 0.10 -0.22 -0.03 -0.13

GMSST follows similar stabilization and a decline for the two highest GWL net-zero runs after ~ 200 years of net-zero (Fig.
2c¢). High warming levels may be subjected to caveats from centennial cooling in 02Kpd-45 and 02Kpd-50 preventing the
model from full stabilization, though less pronounced than for GMSAT.
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After emission cessation, decreasing atmospheric CO, concentration (Fig. 2a) reduces radiative forcing (Fig. 2d) resulting in
a cooling effect of GMSAT, while decreasing ocean heat uptake leads to a warming effect (Fig. 2e). Figure 2f shows balance
between these two effects for the first six net-zero simulations, but negative imbalance for 02Kpd-40 up to 02Kpd-50. This

imbalance explains the negative slopes observed for 02Kpd-45 and 02Kpd-50 (Table 2).

14
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Figure 3. Atlantic meridional overturning circulation (AMOC) behaviour under net-zero. AMOC transport index calculated as the
maximum of the AMOC streamfunction at 26 °N expressed in sverdrup (Sv) as a function of time. Colors grading from yellow to
dark red stand for the different net-zero runs. Time series are smoothed with a 31-day running-mean. The red curve is the +0.2 °C
per decade ramp-up simulation with corresponding round markers showing the years where net-zero runs start.

As an explanation of these responses, Fig. 3 shows the AMOC evolution during ramp-up and stabilization.CNRM-ESM2-2
shows the AMOC is declining with warming but shows recovery a few decades after temperature stabilization within a range
of +1.1 °C and +3.0 °C. For instance, from the beginning of the ramp-up (1850-1870) until the first branch (1892-1912), the
AMOC declines from 15.10 Sv to 12.80 Sv (-15.23 %). Following the +1.1 °C pathway, it keeps on decreasing to a
minimum of 11.30 Sv in 1934. Then, the AMOC starts recovering by 26 %, reaching 14.26 Sv by the end of the net-zero run
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(2181-2201). Recovery weakens for GWL +3.5 °C and +4.0 °C. Above +4.0 °C, the AMOC declines persistently even after

emissions are brought to zero.

For global warming levels above +4.0 °C, AMOC-SST correlations highlight a clear inter-hemispheric asymmetry (Fig. 4i-j)
where SST declines with AMOC in the Northern Ocean domain (subpolar gyre, in particular) while increases in the Southern

ocean. This relationship directly echoes the weakening of the conveyor-belt northern to southern latitudes heat transport .

CNRM-ESM2-2 compares well to other models such as GFDL-ESM2M as used in Lacroix et al., (2024) showing a recovery
of the AMOC during a +1.5 °C stabilization phase, and NorESM2-LM projecting a weakening of the AMOC during the
ramp-up stage, followed by a stabilization in the first decades of the zero-emission phase leading to a recovery at a multi-

centennial scale (Schwinger et al., 2022), including similar Northern latitude cooling patterns.

Although our model exhibits a shift in the circulation-warming space (8 Sv — 4.5 K, see Fig. 3b) that brings the AMOC
towards a weaker state in spite of emission cessation, it is hard to conclude if passing only one of these thresholds would
result in a similar behaviour of the AMOC. Multi-model ensembles and hosing experiments (Jackson et al., 2023) would be

then required to answer this question and assess this potential tipping point of AMOC in the circulation-warming space.
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Figure 4. Correlation between the Atlantic meridional circulation (AMOC) index and the local sea surface temperature.
Correlation expressed as the Pearson correlation coefficient for (a) the ramp-up run and (b-j) the 9 net-zero experiments. Orange
(resp. purple) indicates positive (resp. negative) correlation.

Although the SST stabilizes quite well after emission cessation (see Fig. 2¢) due to quick GMSAT equilibration, but sub-
surface ocean temperatures take longer to reach equilibrium (Fig. 5 b). For instance, under the +2.0 °C GWL scenario, the
exponential fit equilibrium timescale to is 38 years for the subsurface layer compared with 157 years for the deeper layer.
Similarly, in the +5.0 °C GWL run, to remains on a decadal scale for the subsurface (21 years) while reaches centennial

scales for the deeper layer (223 years).
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Figure 5. In-depth ocean temperature behaviour after net-zero. Global ocean temperature averaged in (a) the 10-70m and (b) 100-
500m deep layers. Colors grading from yellow to dark red stand for the different net-zero runs. The red curve is the +0.2 °C per
280 decade ramp-up simulation.
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3.2 SST anomaly distributions

a. 02Kpd-11 b. 02Kpd-15

Og

0o 7

Mo He

Figure 6. Regional changes in the mean and variance of the local SST anomaly distributions for the whole net-zero simulations
relative to transient baselines. The maps highlight regions where the mean (p) and (o) the variance of SST distributions calculated
over the whole net-zero simulations are increasing or decreasing relative to their respective transient baseline. Panels (a-i) decline
the information for each net-zero run. Increases in the mean (resp. variance) only are shown in orange (resp. purple). Co-occurring
increases (resp. decreases) in both the mean and variance are shown in red (resp. white). The color scheme is summarized by the
bivariate color map.

This section compares local SST anomalies between stabilized and transient climates by analysing changes in their first two
statistical moments: the mean (p) and the standard deviation (o). According to Vasseur et al., (2014), changes in variance
and skewness can impact species more strongly than shifts in temperature mean, which has yet been the preferential statistic

in impact studies.

Figure 6 maps regional anomalies of p and o averaged over the whole net-zero run for each GWL. A bivariate color map
distinguishes co-occurring decreases (white, n©;60), co-occurring increases (red, @ ;6 D), and opposing changes (purple

and orange , u©;0@® and p®;00). Regions where changes are not statistically significant according to a Kolmogorov-
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Smirnov test are scarce, accounting only about 1 % of the global ocean above +3.0 °C GWL, thus they are not visible on the

maps. Welch and Levene statistical t-tests for single p or ¢ changes are provided in Fig. S1 and Fig. S2 respectively.

Figure 7 summarizes the global ocean area of these four cases. Joint increases expand from covering 20 % of the global
ocean in 02Kpd-11 to up to 67 % in the highest GWL stabilization scenario. On the other hand, no clear behaviour is found
in the relationship between GWL and the fractional areas where only variance is increasing (purple bar). Regions where both

mean and variance decrease with global warming, going from 33 % for 02Kpd-11 to only 3 % in 02Kpd-50.

These global tendencies depend on the time horizons and periods considered. During the early stable period, p@® regions
shows larger areas as a consequence of recent warming (Fig. S3a). Nevertheless, the relationship between u@® area and

GWL is less pronounced for the 300 years after emission cestion. (Fig. S3b).

Geographical patterns stand out in Fig. 6. Compound increases (u®;c) concentrate mostly at high latitudes and
progressively expand towards the tropics as GWL rises from +1.1 °C to +4.0 °C, while above that GWL, they concentrate in
the Southern hemisphere. In the Southern Ocean, a +1.1 °C to +1.5 °C increase leads to a basin-wide increase in variability,
while half of the region also endures an increase in the mean. In the early stable period, all basins feature higher p and o than
in the transient baseline, with increasingly heterogeneous patterns as global warming intensifies (Fig. S4). In comparison, the

late stable period resembles the whole net-zero time series (Fig. S5).
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Figure 7. Fractions of the global ocean facing single or compound increases in the mean or variance of the SST distributions over
the whole net-zero simulations. Each bar sums up the information for each net-zero run. Increases in the mean (resp. variance)
only are shown in orange (resp. purple). Co-occurring increases (resp. decreases) in both the mean and variance are shown in red
(resp. white). The color scheme is summarized by the bivariate color map. Hatching indicates the fraction of the ocean where
changes are not deemed significant judging by the result of a Kolmogorov-Smirnov statistical test.
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3.3 Emerging features of MHW in stabilized climate
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Figure 8. Seasonal cycle of marine heatwaves frequency and projected absolute anomalies. Each line of panels stands for a given
net-zero run stabilizing the global climate around the following global warming levels (GWL) : +1.1 °C, +1.5 °C, +2.0 °C and +5.0
°C. (a) The first column indicates the seasonal cycle of the zonal mean MHW frequency over the TWL period. (b-d) Following
columns give the projected absolute anomalies in the net-zero runs for the early-, mid- and late-stable periods relative to the TWL
period. Red stands for higher frequency of MHW in net-zero whereas blue indicates a lower frequency than in the transient

framework.
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Building on SST anomaly distribution changes, we now focus on the evolution of the frequency and intensity of marine

temperature extremes, i.e., marine heatwaves (MHW) against transient baselines.

Figure 8 shows the zonal mean seasonal MHW frequency for selected GWL (+1.1 °C, +1.5 °C, +2.0 °C and +5.0 °C relative
to the pre-industrial mean state). Column (a) presents transient baselines. Columns (b-d) show net zero absolute anomalies
for early stable (0-20 years), mid stable (140-160 years) and late stable (280-300 years) periods after emission cessation.

Results for relative anomalies are shown in Fig. S6.

Early-stable periods remain quite close to the transient mean state, but mid- and late-stable periods display more abrupt
changes (Fig. 8). During these periods, MHW frequency intensifies in the northern and southern extratropics bands (higher
than 40 °N/°S) where both mean and variability increased (Fig. 6 and Fig. S5), during the full seasonal cycle at higher than
+1.1 °C GWL. In the northern hemisphere, the amplification peaks in winter for high GWL but persists all year long in the
+1.1 °C stabilization simulation. Conversely, mid latitudes (40 °S to 40 °N) show consistent MHW frequency declines.
These differences between (i) late and early stable periods and (ii) the late stable and transient baseline highlights long term
temporal evolution and geographical redistribution of MHW occurrence throughout the stabilization framework, which are

absent from transient frameworks.
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Figure 9. Seasonal cycle of marine heatwaves intensity and projected absolute anomalies. Each line of panels stands for a given
net-zero run stabilizing the global climate around the following global warming levels (GWL) : +1.1 °C, +1.5 °C, +2.0 °C and +5.0
°C. (a) The first column indicates the seasonal cycle of the zonal mean MHW intensity over the TWL period. (b-d) Following
columns give the projected absolute anomalies in the net-zero runs for the early-, mid- and late-stable periods relative to the TWL
period. Red stands for higher intensity of MHW in net-zero whereas blue indicates a lower intensity than in the transient

framework.
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Figure 9 mirrors the structure of Fig. 8 for MHW intensity (see Fig. S7 for relative anomalies). During the early-stable
period, MHW intensity shows globally no clear geographical differences with the transient baseline. Under sustained net-
zero emissions, the mid-latitudes also show stable MHW intensity throughout time and patterns of anomalies remain similar
both geographically and temporally. Localized increases and decreases in intensity emerge within the northern latitudinal
band (above 40 °N) during summer across all net-zero simulations. Runs exceeding +1.1 °C display relative mean increases

above 100 % (Fig. S7), particularly from spring to autumn in the Southern Ocean and during winter at northern latitudes.

To better characterise the temporal evolution of MHW frequency and intensity, Fig. 10 quantifies the temporal evolution of
Pearson correlations between zonal early stable seasonal cycles and those from fifteen successive 21-year periods in the net-
zero simulations. For both MHW intensity (Fig. 10a) and frequency (Fig. 10b), as the seasonal cycle departs from the early
stable state, the Pearson correlation coefficient decreases from 1. Intensity correlations remain high throughout stabilization,
indicating persistent and coherent seasonal patterns across all periods. In contrast, frequency departs rapidly from the early
stable pattern, followed by a lower but stable correlation after year 30 for all net-zero simulations. In several net-zero runs
(+3.0 °C, +4.5 °C, and +5.0 °C), frequency even becomes anticorrelated suggesting pronounced changes in MHW
characteristics. Overall, these results indicate no regime shift in intensity, and a rapid reorganization in frequency after

emission cessation.
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Figure 10. Correlations of daily zonal-mean seasonal cycles of marine heatwaves. Spatial Pearson correlation coefficient between
the early-stable and each of the following 21-year windows plotted against the central decade index of each window. Correlations
are computed from the daily zonal-mean seasonal cycle of (a) MHW frequency and (b) MHW intensity. Colors grading from
yellow to red stand for the different net-zero runs. This figure illustrates how the seasonal cycle patterns diverge from the initial
early state of stabilization as net-zero is on-going.

Stabilized climate MHW reveal striking decoupling between frequency and intensity. While occurrence redistributes towards
high-latitudes, intensity remains comparatively stable without regime shift. This implies distinct mechanisms: frequency
driven by threshold exceedance, which may differ in future climates, while intensity anchored by persistent background SST
and heat accumulation.

High latitudes frequency increases together with mid-latitude decreases advocate for large-scale ocean heat reorganization.
In particular, AMOC changes, and associated meridional heat redistribution, are likely to modulate regional SST variability
and extremes (Ren & Liu, 2021), consistent with MHW frequency sensitivity to changes in the mean state and variance of

SST(Capotondi et al., 2024; Frolicher et al., 2018; Xu et al., 2022).

By contrast, stable intensity suggests a steady or stronger local to regional forcings controlled by upper-ocean processes and

air-sea heat fluxes (Holbrook et al., 2019; Sen Gupta et al., 2020). Rising upper-ocean stratification projected ocean wide
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(Cheng et al., 2022; Sallée et al., 2021) likely reduces vertical heat exchange, and heat accumulation; and may explain the

persistence of a stable seasonal intensity pattern.

Internal variability through both remote drivers (e.g. El Nino Southern Oscillation, Indian Ocean Dipole; Holbrook et al.,
2019) or regional modes (e.g. North Atlantic Oscillation, Guinaldo et al., 2025) also contribute to the spatially heterogeneous

and seasonally dependent responses.

Limitations of single member approaches, like the present study, preclude process attribution. Large ensembles must thus
quantify circulation adjustments, air-sea fluxes, upper-ocean stratification and changes in internal atmospheric and oceanic
variability roles. Such ensembles are also essential to robustly sample internal climate variability and isolate the forced
signals from stochastic fluctuations (Murphy et al., 2004; Tebaldi & Knutti, 2007). Large ensembles are necessary to assess
the robustness of projected extremes, quantify event likelihoods, and identify plausible high-impact outliers (Atkins et al.,
2025). Sampling these low-probability, high-impact extremes is a prerequisite for estimating return levels and supporting

climate-risk assessments and adaptation planning, unachievable with single or small ensembles.

4 Conclusion

This study reveals the response of the ocean to multiple global warming levels stabilization following CO, emissions
cessation. We generated nine 300-year simulations in which the global climate stabilizes across incremental levels of global

warming ranging from +1.1 °C to +5.0 °C, using the CNRM-ESM2-2 coupled Earth system model.

Up to +4 °C of stabilization, CNRM-ESM2-2 simulates near-stable global mean surface air temperature over several
centuries when the CO, emissions are brought to zero. Over this range of global warming, our results are comparable with
those found by King et al., (2024) for multiple global warming levels ranging from +1.6 °C to +3.3 °C. The major difference
is found for global warming targets strictly higher than +4.0 °C where CNRM-ESM2-2 exhibits a cooling of approximately -
0.1 °C per century, due to ocean and climate feedbacks. This result contrasts with the warming trends found by King et al.,

(2024) and hence underscore the need to explore higher warming states as suggested in (C. Jones et al., 2025).

We were also capable of tracking changes in ocean surface properties through time, and found noticeable changes in SST
across all the centennial-long simulations. These changes respond not only to changes in ocean circulation but to shifts in the

capture and redistribution of absorbed heat across time.

As a direct consequence of SST changes, marine heatwaves reorganize poleward in all net-zero CO, emission simulations,
with a frequency decreasing during stabilization in the mid-latitudes and tropics compared to high latitudes, where it largely
raises. The intensity of MHW shows no clear tendency in the mid-latitudes and tropics whereas it increases in the Southern
ocean during the spring to automn period. Our model suggests that the shift in frequency is taking place 30 years after

stopping CO, emissions across all global warming levels.
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This finding also highlights that the standard 20-year period used to compute global warming level metrics could potentially

undermine the magnitude of the impact in some regions.

Results presented in this study were obtained from just a single realisation of one Earth system model. To assess uncertainty
of the response of the ocean to multiple net-zero CO- emissions contexts, ensemble or multi-model simulations could be
relevant. Such work is planned in the context of TipMIP (C. Jones et al., 2025) where multiple models simulations will
explore the climate response to CO, emission cessation where crossing +2.0 °C and +4.0 °C global warming levels.

Despite single model limitations, the general behaviour of CNRM-ESM2-2 compares well to other models such as GFDL-
ESM2M (Lacroix et al., 2024) or NorESM2-LM (Schwinger et al., 2022), supporting the robustness of our stabilization

responses.

Larger ensembles and multimodel studies are thus needed to robustly quantify uncertainty in regional SST responses, marine
heatwave changes, and their impacts to marine ecosystems. Standard transient global warming levels approaches tend to hide
frequency shifts and the regional redistribution of extremes that emerge decades after CO, emission cessation, leading to
underestimation of their impacts. Our findings underscore that stabilized climate simulations are essential for impact

assessments at targeted warming levels, as they capture relevant geophysical information of slow-adjusting ocean variables.
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