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Principal Investigator: Katinka Bellomo

Project Title: Mechanisms and impacts of an abrupt decline in the Atlantic
Meridional Overturning Circulation (AMOC) strength

Extended abstract

The aim of this project is to use the EC-Earth general circulation model to investigate mechanisms
of precipitation change associated with changes in the strength of the Atlantic Meridional
Overturning Circulation (AMOC), with and without the influence of increasing concentration of
greenhouse gases. This is a continuation of the existing project ‘Impacts of Atlantic Meridional

Overturning Circulation (AMOC) decline on European climate’.

1. Background and motivation

The Atlantic Meridional Overturning Circulation (AMOC) is a global scale system of ocean
currents that redistributes heat, carbon and salinity (e.g., Buckley and Marshall 2016). Previous
work has showed that changes in the AMOC affect the global climate in terms of precipitation,
temperature and wind circulation anomalies (e.g., Zhang and Delworth 2005, Brayshaw et al. 2009,
Jackson et al. 2015). It has been shown that abrupt shifts in the AMOC are possible, and that a
sudden decline in the AMOC strength leads to widespread cooling over the northern hemisphere,
amplifying or even leading to ice ages (e.g., Clement and Peterson 2008, Lenton et al. 2013,
Johnson et al. 2019). The AMOC is also thought to be involved in multidecadal climate variability,
such as the Atlantic Multidecadal Variability (AMV) mode, which is responsible for long-time scale
anomalies in water availability and temperature over land, and is associated with the number and

intensity of tropical and extra-tropical cyclones (e.g., Zhang et al. 2019).

Previous studies have shown that an abrupt decline in the AMOC leads to a southward shift
in the Intertropical Convergence Zone (ITCZ), associated with a southward shift in the Hadley cell
(Frierson et al. 2013, Marshall et al. 2014). Mechanistically, the climate system responds to a
reduced ocean heat transport by the AMOC with an increased atmospheric heat transport, which is
accomplished with the aforementioned shifts in the Hadley cell and ITCZ. Alongside the southward
migration of the ITCZ, reduced AMOC strength is also linked to widespread drying over the
northern hemisphere. However, our results (Bellomo et al. in prep.) show that there are some
regions, such as north western Europe, in which precipitation increases despite the widespread
drying. This is related to an increase in NAO+ events and an intensification and eastward

enhancement of the jet stream.
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In response to increasing concentration of greenhouse gases, there are also important
changes in precipitation, which are affected by the response of the AMOC. Bellomo et al. 2021
showed that in models in which the AMOC declines less, precipitation changes according to the
‘wet-get-wetter, dry-get-drier’ pattern (Collins et al. 2013). However, in models in which the
AMOC declines more, there is a southward shift in the ITCZ and widespread northern hemisphere
drying, despite the increase in greenhouse gases. Hence, the response of precipitation to climate

change strongly depends on the response of the AMOC.

Here we propose a series of climate model experiments that build upon our previous work
and aim at elucidating the interplay of anthropogenic radiative forcing, AMOC decline and the
precipitation response. We plan to apply the atmospheric moisture budget originally developed by
Seager et al. (2010) to assess the relative contributions of dynamic and thermodynamic processes to
the simulated precipitation changes, and to investigate the links between dynamic changes in the
atmospheric circulation and precipitation patterns by explicitly computing changes in weather

regimes using the clustering algorithm developed in Fabiano et al. (2020).

2. Proposed activities
2.1 Model

We plan to perform model experiments with EC-Earth3, a state-of-the-art global climate model
participating in CMIP6 and developed by a consortium of European research institutions (Hazeleger
et al. 2010). EC-Earth3 includes the ECMWF IFS cy36r4 atmospheric model, the land-surface
scheme H-TESSEL (Balsamo et al., 2009), the NEMO 3.6 ocean model (Madec, 2008) and the
LIM3 sea-ice component (Fichefet and Morales Maqueda 1997). The OASIS3-MCT (Valcke, 2013)
coupler version 3.0 exchanges fields between the atmosphere and the other components. We use the
standard resolutions of TL255L91 for the atmosphere and ORCA1L75 for the ocean (same as in
CMIP6). These settings correspond to an atmospheric horizontal resolution of ~80 Km and 91
vertical levels, and an oceanic horizontal resolution of ~100 Km and 75 vertical levels. We note
that EC-Earth3 is already installed and being used at ECMWEF. We will also test the model
experiments with the newer version of the model (EC-Earth4) and we will attempt to couple EC-
Earth with a slab-ocean model (motionless ocean, coupled to the atmosphere through thermal fluxes

only) to further test the role of AMOC on precipitation patterns.

Previous experiments performed on CCA at ECMWF suggest that the best configuration for
the EC-Earth standard resolution (TL255L91-ORCA1L75) is using 240 cores for IFS and 118 cores
for NEMO, with one additional core for the runoff mapper and the XIOS server. We estimate that
one model year of the fully-coupled model will use about 19,000 SBU, while one model year of the
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slab-ocean, similarly to the atmosphere-only model, will use 15,000 SBU. Accounting for 6-hourly
outputs for IFS and monthly outputs for NEMO, we estimate a need for roughly 30 GB storage for

each year of simulation.

2.2 Simulations
In addition to control simulations, we plan to run three kinds of experiments within this project:

1) Water hosing (salinity anomaly) is applied in the North Atlantic and Arctic Oceans to

inhibit deep-water formation and suppress the AMOC circulation.

2) Water hosing in conjunction with increased concentration of greenhouse gases

(following the CMIP6 protocols for ssps and abrupt CO; experiments).

3) Experiments with a slab-ocean, where the so-called ‘q-flux’ (i.e., calculated ocean heat

transport) is modified to test the role of AMOC.

Similar to previous experiments (Bellomo et al. in prep.), we will carry out water hosing
experiments by applying freshwater anomaly of 0.3 Sv uniformly above 50°N over the North
Atlantic and Arctic oceans. Once the AMOC has halted, or stops declining, we will end the hosing
and we will let the model to freely evolve. The freshwater anomaly will be applied as a virtual

salinity flux:

N hGDSe(t)
F(t,j,i) = a2a0.) (1)

where Sy is the local salinity in the upper layer, dzy is the upper layer thickness, and 4 is the water
hosing field:

H
Jpdxdy

h(, D) = )

for (j,i) € R, the region in which the water hosing is applied (the North Atlantic and the Arctic in our
case), and 0 otherwise. H is the strength of the freshwater anomaly (0.3 Sv = 0.3x10° m®s™!), and dx
and dy are the zonal and meridional grid spacings. Then, we will apply a water hosing correction

throughout the rest of the ocean to the 3D salinity field to conserve the total amount of salt:

h(ji i
f (] 1)50(;;;;22613’ (3)

J:qlobzll
which represents the total added flux divided by the total ocean volume.

To investigate the added effects of greenhouse gases, we will run experiments in which we
add to the freshwater hosing also increasing concentrations of greenhouses, according to CMIP6
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protocols (we will attempt to use the ssp585 and abrupt-2xCO; designs). We will also perform

experiments in which concentrations of greenhouse gases are modified, but there is no water hosing.

Finally, we will work on developing and coupling a slab-ocean model, adapted from PlaSIM
(Fraedrich et al. 2005) for EC-Earth3. This model development is funded by a MSCA-IF fellowship
agreement (‘CliMOC”). With EC-Earth3 coupled to a slab-ocean we will test the role of AMOC
strength by modifying the implied ocean heat transport (‘q-flux’). This part of the project will reveal
whether using the slab-ocean for testing the role of AMOC leads to similar results as the water
hosing simulations, which would save computational time for future experiments. While we
strongly suspect this will not be the case, this exercise will inform future users on the pros and cons
of using the slab-ocean to investigate mechanisms related to ocean circulation processes, which has
been the subject of debate (Zhang et al. 2019). We will also attempt to couple the slab-ocean to EC-
Earth4. We note that while the slab-ocean might lack realism in ocean processes, it retains a fully
functional atmospheric component and thermal coupling, which could be used to investigate the

impacts of imposed ocean heat transport patterns on future climate change.

3. Summary table of the experiments and relative computer resources

Legend: Fully-coupled (FC), Slab-ocean (SOM)

Model configuration | Experiments Duration SBUs Storage

Year1 | FC Control experiment (FC) 250 years 10,000,000 | 18TB
Water hosing (FC) 300 years
Extra (for testing) 25 years

Year 2 | FC, SOM Water hosing +GHG forcing (FC) 250 years 10,000,000 | 36TB
Slab-ocean testing and control 300 years
(SOM)
Extra (FC, SOM, for testing) 50 years

Year 3 | FC, SOM Water hosing + GHG forcing (FC) | 250 years 10,000,000 | 54TB
Slab-ocean experiments (SOM) 300 years
Extra (FC, SOM for testing) 50 years
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