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Principal Investigator: Ventrucci Chiara

Project Title: Deep ocean heat uptake on equilibrating time scales (DEEPNESS)

Extended abstract

1. Introduction
1.1 Background and motivation

Since the industrial revolution, human activities have altered Earth’s climate through changes in atmospheric
composition and surface properties (i.e. land-use influencing albedo). Both these effects represent radiative
forcings and are responsible for the radiative imbalance observed at the top of the atmosphere (TOA). The
planet then tries to reach a new equilibrium state by changing its surface temperature, modulated by radia-
tive feedback whose strength influences the final state of the system (Intergovernmental Panel on Climate
Change (IPCC), 2023).

Huge research efforts have been devoted to estimating how the climate system will adapt to such perturba-
tions. A widely used metric is the Equilibrium Climate Sensitivity (ECS), the globally averaged surface temper-
ature anomaly observed at equilibrium after a doubling of CO2 concentration. Usually, an idealized frame-
work is used to estimate ECS with climate models, which involves abrupt quadrupling of the CO2 concentra-
tion. This idealized framework is chosen as it helps isolate the signal from greenhouse gases emissions, ex-
cluding aerosol and other effects. To further enhance this signal, the concentration is usually quadrupled,
dividing the result by a factor two at the end.

To reach a final equilibrium condition, millennium-length simulations would be necessary but, especially if a
comprehensive state-of-the-art Earth System Model is used, the final computational cost could be substan-
tial. This is why it is customary practice to use the 150 years required by Coupled Model Intercomparison
Project (CMIP) protocols and extrapolate to zero the radiative unbalance at the TOA, assuming a constant
feedback parameter and a linear relationship between radiation and surface temperature changes (Gregory
et al. 2004). However, it has been shown that the estimates obtained focusing only on this brief time window
could be misleading, as the total equilibrating response comes from the combination of fast and slow modes
(Rugenstein et al. 2020). The latter component of the response is primarily due to the long-term redistribu-
tion of the added heat into the ocean, according to deep ocean circulation timescales. Indeed, due to its large
thermal inertia, the ocean has absorbed almost 90% of the radiative imbalance to date. Divergent pathways
of ocean circulation evolution or base states can redirect different amounts of heat towards the surface or
deep ocean and thus influence the surface warming pattern (Gjermundsen et al. 2021; Bellomo and Mehling
2024). This effect, on the other hand, could induce a change in the relative strengths of different climate
feedback mechanisms, especially water vapor, lapse rate, and cloud ones, through the so-called pattern ef-
fect, influencing the stabilizing strength of the atmosphere, and eventually a lower or higher ECS (Andrews
et al. 2015).

Multi-centennial simulations better allow to see the effect of ocean circulation changes and deep ocean heat
storage. Millennium-length equilibrating simulations have been performed using Coupled Global Climate
Models (GCMs), as collected by the LongRunMIP project (Rugenstein et al. 2019), or intermediate-complexity
models (Rugenstein et al. 2016), in this case extending up to 10000 years. While the latter are sufficiently
long to capture the warming even of the deepest layer, the former are expected to comprehend more pro-
cesses and better describe the changes in the global circulation that can influence the pathways of ocean
heat uptake. Overall, when the focus is on the deepest layers of the ocean (i.e. below 2000 m), a huge un-
certainty remains. A 6000-year simulation run with a CMIP3 low-resolution model shows how the system can
reach an equilibrium condition, but the interpretation is limited as just one model and one forcing level is
available (Li et al. 2013).
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An additional degree of complexity to this problem is the fact that the response of the system depends non-
linearly on the forcing. Linearity is usually assumed in the standard framework, which still captures the key
mechanisms behind future projections (Good et al. 2016). Indeed, applying increasingly higher CO2 concen-
trations influences both global properties and warming patterns in a non-linear fashion (Rugenstein et al.
2016; Bloch-Johnson et al. 2021; Fabiano et al. 2024). Some simulations, on the other hand, also suggest the
possibility of a non-monotonic response (Mitevski et al. 2023). Furthermore, many processes contribute to
the heat redistribution at depth - for example, diffusive processes connected with the ocean stratification
and captured by the pycnocline depth (Newsom et al. 2023; Oh et al. 2024) - but not all of them are explicitly
resolved in the models. The areas of major interest are the Atlantic basin, strongly influenced by the strength
of the Atlantic Meridional Overturning Circulation, and the Southern Ocean, a key region for global ocean
heat uptake (Lago et al. 2019; Gjermundsen et al. 2021; IPCC AR 6).

A better understanding of the role of the deep ocean in absorbing the added heat might help tackling the
uncertainty about the values of ECS. Moreover, although sometimes neglected, understanding nonlinear re-
sponses associated with extreme warming can be helpful in many ways. Among the others, it can help in
tuning energy balance models to better study the dependence of feedback parameters or assessing impacts
through pattern scaling techniques (Good et al. 2016).

1.2 Scientific goals

In this project we plan to perform long equilibrating simulations to answer the following scientific questions
regarding the state-dependence of climate change.

Q1) Is the equilibrium response of the deep ocean heat uptake linear to CO2 forcing?

Fabiano et al. (2024) found that, over 1000 years, the deep ocean behaves independently from the forcing
level, while more spread is observed in the intermediate and surface ocean. The latter simulations have been
conducted branching from SSP5-8.5 and modifying both GHG and aerosol concentrations. In this project, we
will apply a further ideal forcing, to isolate the CO2 effect on equilibrium conditions.

Q2) What is the role of ocean circulation and ocean stratification in determining the deep ocean uptake?

Previous studies have identified the Northern and Southern high latitudes as regions more subjective to non-
linear warming patterns (Rugenstein et al. 2016; Poletti et al. 2024). Moreover, these regions are the ones
associated with the formation of water masses contributing to the Meridional Overturning Circulation. Ad-
hoc experiments of water hosing are a consolidated exercise to evaluate the effects of changes in the ocean
stratification and therefore the Meridional Overturning Circulation and associated heat transport, both in
the North Atlantic (Jackson et al. 2023; Mitevski et al. 2023; Bellomo and Mehling 2024) and the Southern
Ocean (Armour et al. 2016; Phipps et al. 2016; Rye et al. 2020).

2. Proposed activities
2.1 Model

We plan to conduct the experiments using EC-Earth4, a state-of-the-art Earth System model, whose devel-
opment by the EC-Earth consortium started in 2020 (see https://ec-earth.org/ec-earth/ec-earth4/ for further
details, SPLTUNE ECMWF Special Project by S. Yang, 2022). For the scope of this research, we are interested
in using EC-Earth4 in the AOGCM configuration, including the atmospheric (OpenlFS) and ocean (NEMO4)
components of the model, with the sea-ice model SI3. To balance simulation length and computational cost,
a low-resolution of the model will be used, with TL63L31-ORCA2Z31 grid. This configuration will have approx-
imately 2.8° x 2.8° grid resolution for the atmosphere and 2° x 2° for the ocean, with 31 vertical levels.
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Since the previously mentioned model version is still under development, it may not be ready for the planned
experiments during the first project year. In that case, we plan to perform the simulations using SPEEDY-
NEMO. SPEEDY-NEMO (Kucharski et al. 2016; Ruggieri et al. 2024) is an intermediate complexity model, which
combines the Simplified Parametrizations primitivE-Equation Dynamics model for the atmosphere (SPEEDY)
with model NEMO version 3 for the ocean, using LIM2 for sea-ice. The atmosphere will be run in the T30L8
configuration, while the ocean grid will have a resolution of almost 2°. Although the atmospheric model
SPEEDY is simplified with respect to OpenlFS, the ocean configuration is similar in terms of spatial resolution
and physical parametrizations. It should be able to reproduce the main oceanic mechanisms while retaining
a low computational cost, such as decreasing of the AMOC strength and Antarctic Bottom Water (AABW)
formation rate in response to CO2 concentration increase.

2.2 Simulations

To answer question Q1, we plan to perform idealized abrupt simulations, starting from pre-industrial condi-
tions, at different forcing levels in the first year. Abrupt simulations, contrary to transient ones, allow for a
better separation of short and long timescales. Specifically, we will perform 5 simulations, in addition to the
pre-industrial control. The first four forcing levels will be respectively 0.5x, 2x, 4x, 8x. The last simulation will
be performed under the abrupt4xtolx protocol of NonLinMIP (Good et al. 2016).

e AbruptNxCO2, N=0.5, 2, 4, 8: CO2 concentration is abruptly N-fold increased, then held constant up
to the end of the simulation. The combination of these simulations allows us to diagnose a possible
non-linear response.

e Abruptdxtolx: the simulation is initialized from year 100 of the abrupt4xC0O2, then CO2 concentra-
tions are abruptly returned to pre-industrial levels and held constant up to the end of the simulation.
This simulation will count as 1xCO2, further allowing us to explore a role for the direction of the
forcing change.

To simplify comparison between the different experiments, all simulations will be run for 5000 years. Exper-
iment length will eventually change depending on the effective achievement of a stable climate condition.

To answer question Q2, we plan to perform sensitivity experiments to enlighten the role of changes in the
Meridional Overturning Circulation in the second year. We select the abrupt4xCO2 described in the previous
step as reference perturbed state. Then, we would like to apply the same procedure followed by Bellomo
and Mehling (2024), implementing a reversed water-hosing experiment to prevent the decrease of the At-
lantic Meridional Overturning Circulation (AMOC), while perturbing CO2 concentrations. To artificially keep
the AMOC strength at values comparable to the preindustrial ones, a uniform virtual positive salinity flux is
added in the Atlantic and Arctic Oceans. The simulation will be compared to the reference 4xCO2 to assess
the impact of the AMOC decline on the deep ocean response. An analogous experiment will be performed in
the Southern Ocean to artificially control the formation of AABW and counterbalance the effects of CO2
increase.

Lastly, we will test if other transport mechanisms could be relevant in determining the efficiency of the heat
transport, considering the parametrized components of advection and diffusion. This takes inspiration from
studies regarding the tuning of the atmospheric model component, with a particular focus on cloud para-
metrizations (Mauritsen et al. 2012; Golaz et al. 2013; Fabiano et al. in prep). The experiments will be char-
acterized by an abrupt quadrupling of CO2 concentration and a perturbation of one ocean model parameter,
to compare with the previously mentioned abrupt4xCO2 run. Preliminary tests will be necessary to see the
effect of parameter changes and to select the proper magnitude of the perturbation, big enough to observe
a change in the dynamics, while avoiding the generation of profoundly unphysical worlds. 4 runs will be per-
formed, perturbing 2 parameters in the opposite directions.
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3. Justification of the requested computer resources

A proper scaling test for the low-resolution version of EC-Earth4 has not yet been carried out, but preliminary
runs on 256 cores show that almost 450 SBU are needed for each simulated year with the TL63L31-ORCA2Z31
configuration. In terms of outputs, 600 MB for the ocean and 50 MB for the atmosphere are needed per
simulated year, for a total of 650 MB of monthly values.

On the other hand, on the Atos machine, it is already possible to run simulations with SPEEDY-NEMO, requir-
ing almost 100 SBU per simulated year (ECMWF Special Project BONSAI by A. Bellucci, 2022). We request
enough computational resources and storage space to be able to perform the more demanding EC-Earth
simulations. If simulations will be run with SPEEDY-NEMO, the leftover hours will be needed to set up and
test the hosing experiments, as it will be the first time performing them with this model. An extra number of
hours is requested for testing.

Experiments Duration (years) SBU
Pre-industrial control 1000 450,000
Abrupt0.5xC0O2 5000 2,250,000
Year1 Abrupt2xC02 5000 2,250,000
Abrupt4xCO2 5000 2,250,000
Abrupt8xC0O2 5000 2,250,000
Abruptdxtolx 5000 2,250,000
Testing - 500,000
Model years Year 1 26000
SBU Year 1 12,200,000
Storage after Year 1 16,900 GB
FixedAMOC-Abrupt4x 5000 2,250,000
Fixed AABW-Abrupt4x 5000 2,250,000
Year 2 Parameter testing 150*20= 3000 1,350,000
Perturbed-Abrupt4x 5000*4= 20000 9,000,000
Testing - 500,000
Model years Year 2 33000
SBU Year 2 15,350,000
Storage after Year 2 21,450 GB
Total SBU 27,550,000
Total Storage 38,350 GB
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