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Earth system models description

ACCESS-ESM1-5

The Australian Community Climate and Earth System Simulator (ACCESS-ESM1-51) is comprised

of  a number of  component models.  The atmospheric component is the UK Met Office Unified

Model at version 7.32,3 with their land surface model replaced with the Community Atmosphere

Biosphere Land Exchange (CABLE) model4. The ocean component is the NOAA/GFDL Modular

Ocean Model (MOM) at version 55 using a nominal 1 horizontal resolution. Latitudinal resolution is

higher near the equator (0.33) and over the Southern Ocean (~0.4 at 70S). The vertical ocean

grid has 50 levels, top levels are nominally 10 m thick to 200 m. The maximum depth is 6000 m

where resolution is ~300 m. Sea ice is simulated using the LANL CICE4.1 model6. The carbon

cycle  is  included  in  ACCESS-ESM1-5  through  the  CABLE  land  surface  model  and  its

biogeochemistry  module,  CASA-CNP7 with  nitrogen  and  phosphorus  limitation  enabled8,9,  and

through the World Ocean Model of Biogeochemistry and Trophic-dynamics (WOMBAT10).
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CNRM-ESM2-1

The  CNRM-CERFACS  climate  group  have  designed  the  standard  resolution  (i.e.,  ~1º)  Earth

System Models of second generation (CNRM-ESM2-111) as a contribution to the sixth phase of the

Coupled  Model  Intercomparison  Project12 (CMIP6).  It  uses  the  physical-dynamical  core  of  the

ocean-atmosphere coupled climate model CNRM-CM6-113, and accounts for several Earth system

feed-backs enabled by interactive atmospheric chemistry and aerosols, as well as interactive land

and ocean carbon cycles. The ocean component is NEMOv3.614, which resolves ocean dynamics

on an eORCA1 grid15 with 75 vertical z-coordinate levels. This grid offers a horizontal resolution of

about 1° with a grid refinement up to 0.3° in the tropics.

GFDL ESM2M

The global coupled carbon-climate model GFDL ESM2M developed at the National Oceanic and

Atmospheric Administration (NOAA)'s Geophysical Fluid Dynamics Laboratory (GFDL)16,17 consists

of an ocean model (MOM4p118), an atmosphere model (AM219), a land model (LM3.020), a sea ice

model21,  and  also  includes  iceberg  dynamics22.  The  ocean  model  MOM4p1  uses  a  tripolar

horizontal  grid  with a  nominal  resolution  of  1°  increasing zonally  to  1/3°  near  the equator.  Its

vertical grid has 50 levels with a time-dependent resolution of about 10m in the upper 230m of the

water column. The ocean biogeochemical and ecological component is version two of the Tracers

of Ocean Productivity with Allometric Zooplankton (TOPAZv2) module that parametrizes the cycling

of carbon, nitrogen, phosphorus, silicon, iron, oxygen, alkalinity, and lithogenic material as well as

surface sediment calcite17. 

GFDL ESM4.1

GFDL ESM4.1  is  the  CMIP6  generation  fully  coupled  carbon-chemistry-climate  Earth  System

Model developed at NOAA’s Geophysical Fluid Dynamics Laboratory (GFDL)23. It  consists of an

atmospheric component, GFDL-AM4.124, a land component (GFDL-LM4.1, Shevliakova et al., in

revision), the Modular Ocean Model Version 6 (MOM625) and a Sea Ice Simulator (SIS225). The

ocean biogeochemical component of ESM4.1 is Version 2 of the Carbon, Ocean Biogeochemistry,

and Lower Trophics (COBALTv2) model26,27. The ocean and sea-ice models are on a nominal 0.5o

tripolar horizontal grid with 75 vertical hybrid depth-isopycnal layers.

MIROC-ES2L

The  Model  for  Interdisciplinary  Research  on  Climate,  Earth  System  version  2  for  Long-term

simulations  (MIROC-ES2L28)  ESM developed for  CMIP6 uses the physical  core of  the ocean-

atmosphere coupled climate model MIROC5.229. The land and ocean biogeochemical components

are  represented  by  VISIT-e29  and  OECO2,  respectively.  The  ocean  general  circulation  model



COCO31 has a horizontal  tripolar  coordinate  system.  To the south of  63°N,  where a spherical

coordinate system is adopted, the longitudinal grid spacing is 1°, while the meridional grid spacing

varies from approximately 0.5° near the equator to 1° in mid-latitude regions. There are 62 vertical

layers in a hybrid sigma-z coordinate.

NorESM2-LM

The Norwegian Earth System Model version 2 (NorESM232,33) is an updated version of the first

generation  NorESM134,35.  The  variant  used  in  this  study  (NorESM2-LM)  is  configured  on

approximately 2° and 1° horizontal grid resolution in the atmosphere and ocean, respectively. The

atmospheric (CAM6), land (CLM5), and sea-ice (CICE5) components are based on the Community

Earth System Model version 2 (CESM236).  The aerosol chemistry in the atmosphere has been

modified in its life cycle of particulate aerosols and the representation of aerosol-radiation-cloud

interactions.  The ocean biogeochemistry  is  coupled to an isopycnal  coordinate  ocean general

circulation model (iHAMOCC-BLOM), comprising 53 vertical density layers, and a bulk mixed layer

depth (top 2 layers).

UKESM1-0-LL

The  United  Kingdom  Community  Earth  System  Model,  UKESM1-0-LL37,38 is  based  upon  the

HadGEM3-GC3.139 general circulation model which includes coupled ocean, atmosphere,  land,

and sea ice components. The atmosphere component has a resolution of 1.875° by 1.25° with 85

vertical levels and the ocean component uses the NEMO dynamical ocean at 1° resolution with 75

vertical levels40. The land component uses the JULES land surface model with interactive carbon

and nitrogen cycles41. Ocean biogeochemistry is represented by MEDUSA-242, which resolves a

dual  size-structured  ecosystem  and  the  biogeochemical  cycles  of  nitrogen,  silicon,  and  iron

nutrients as well as the cycles of carbon, alkalinity, and dissolved oxygen. The ocean’s oxygen

cycle exchanges oxygen with the atmosphere, and dissolved oxygen is additionally created by

primary production and depleted by remineralization. 
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Supplementary Table

Model CMIP
generation

Institution / Country Ocean Model

ACCESS-ESM1-5 CMIP6 CSIRO / Australia MOM5

CNRM-ESM2-1 CMIP6 CNRM-CERFACS / France NEMOv3.6

GFDL-ESM2M CMIP5 GFDL-NOAA / USA MOM4p1

GFDL-ESM4.1 CMIP6 GFDL-NOAA / USA MOM6

MIROC-ES2L CMIP6 MIROC / Japan MIROC5.2

NorESM2-LM CMIP6
Norway Climate Consortium /

Norway
iHAMOCC-BLOM

UKESM1-0-LL CMIP6 UKESM / UK NEMO

Supplementary Table 1: Summary of the six CMIP6 and one CMIP5 models used in this study



Supplementary Figures

Supplementary  Figure  1:  Changes  in  years  311-340  relative  to  piControl on  the  solubility and  AOU  components  of  the
metabolic index. Multi-model mean differences of the metabolic index at the ocean surface (top panels), epipelagic (0 – 200 m; middle

panels) and mesopelagic (200 – 1000 m; bottom panels) depth levels. Metabolic index is decomposed into solubility (a) and AOU

components (b). Magenta/green indicates lower/higher metabolic indexes at the end of the experiment. A map on the absolute dominant

effect of both components is included (c). Blue colours indicate dominance of solubility components. Orange colours indicate dominance

of AOU components. Lighter colours ([-0.05,0.05]) indicate the absolute contribution of both components are similar. Metabolic Index

corresponds to the averaged over 72 species considered in the study.



Supplementary  Figure  2:  Changes  in  years  311-340  relative  to  piControl on  the  solubility and  AOU  components  of  the
metabolic index. Multi-model mean differences of the metabolic index at the ocean surface (top panels), epipelagic (0 – 200 m; middle

panels) and mesopelagic (200 – 1000 m; bottom panels) depth levels. Metabolic index is decomposed into solubility (a) and AOU

components (b). Magenta/green indicates lower/higher metabolic indexes at the end of the experiment. A map on the absolute dominant

effect of both components is included (c). Blue colours indicate dominance of solubility components. Orange colours indicate dominance

of AOU components. Lighter  colours ([-0.1,0.1]) indicate the absolute contribution of both components are similar. Metabolic Index

corresponds to the averaged over 72 species considered in the study.



Supplementary  Figure  3:  Changes  in  years  311-340  relative  to  piControl on  the  solubility and  AOU  components  of  the
metabolic index. Multi-model mean differences of the metabolic index at the ocean surface (top panels), epipelagic (0 – 200 m; middle

panels) and mesopelagic (200 – 1000 m; bottom panels) depth levels. Metabolic index is decomposed into solubility (a) and AOU

components (b). Magenta/green indicates lower/higher metabolic indexes at the end of the experiment. A map on the absolute dominant

effect of both components is included (c). Blue colours indicate dominance of solubility components. Orange colours indicate dominance

of AOU components. Lighter  colours ([-0.5,0.5]) indicate the absolute contribution of both components are similar. Metabolic Index

corresponds to the averaged over 72 species considered in the study.
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