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Descriptions of Earth System Models

a. ACCESS-ESM1.5

ACCESS-ESM1.5 ((Ziehn et al. 2020) is comprised of several component models. The
atmospheric model is the UK Met Office Unified Model at version 7.3 (Martin et al., 2010; The
HadGEM?2 Development Team, 2011) with their land surface model replaced with the
Community Atmosphere Biosphere Land Exchange (CABLE) model (Kowalczyk et al., 2013) using
a horizontal resolution of 1.875° x 1.25° and 38 vertical levels.

The ocean component is the NOAA/GFDL Modular Ocean Model (MOM) at version 5
(Griffies, 2014) with the same configuration as the ocean model component of ACCESS1.0 and
ACCESS1.3 (Bi et al., 2013) using a 1° resolution (but finer between 10S-10N and in the Southern
Ocean) and 50 vertical levels. Sea ice is simulated using the LANL CICE4.1 model (Hunke and
Lipscomb, 2010). Coupling of the ocean and sea-ice to the atmosphere is through the OASIS-
MCT coupler (Valcke, 2013) with a coupling frequency of 3 hours. The physical climate model
configuration used here is very similar to the version (ACCESS1.3) that contributed to the
Coupled Model Intercomparison Project Phase 5 (CMIP5) (Bi et al., 2013).

The carbon cycle is included in ACCESS through the CABLE land surface model and its
biogeochemistry module, CASA-CNP (Wang et al., 2010), and through the World Ocean Model
of Biogeochemistry and Trophic-dynamics (WOMBAT) (Oke et al., 2013). The WOMBAT model is
based on a NPZD (nutrient-phosphate, phytoplankton, zooplankton and detritus) model with
the additions of bio-available iron limitation, dissolved inorganic carbon, calcium carbonate,
alkalinity and oxygen. Productivity drives uptake and formation of carbon and oxygen which
exchange with the atmosphere. Sinking and remineralization of detritus carries biogeochemical
tracers to the deep ocean. Iron is supplied by dust deposition, continental shelves and
background ocean values. The Australian community model CABLE simulates the fluxes of
momentum, heat, water and carbon at the surface. The biogeochemistry module CASA-CNP
simulates the flow of carbon and nutrients such as nitrogen and phosphorus between three
plant biomass pools (leaf, wood, root), three litter pools (metabolic, structural, coarse woody
debris) and three organic soil pools (microbial, slow, passive) plus one inorganic soil mineral
nitrogen pool and three phosphorus soil pools. In the CABLE configuration applied here we use
10 vegetated types and 3 non-vegetated types. CABLE calculates gross primary production (GPP)
and leaf respiration at every time step using a two-leaf canopy scheme (Wang and Leuning,
1998) as a function of the leaf area index (LAI). Our set-up uses a simulated (prognostic) LAI
based on the size of the leaf carbon pool and the specific leaf area. Daily mean GPP and leaf
respiration values are then passed onto CASA CNP to calculate daily respiration fluxes and the
flow of carbon and nutrients between the pools. Similar to the previous version, ACCESS-ESM1
(Law et al., 2017, Ziehn et al., 2017), we are running with nitrogen and phosphorus limitation

3



enabled. The land use scheme in ACCESS-ESM1.5 accounts for an annual net change in the tile
fractions in each grid cell. It does not attempt to account for primary and secondary vegetation.
Harvested wood is equally allocated to 3 wood harvest pools with different turnover rates. Crop
harvest and grazing are not considered. Nitrogen and phosphorus pools are treated in a similar
manner to the equivalent carbon pools.



b. CanESM5

CanESMS5 is the fifth generation Earth System Model of the Canadian Centre for Climate
Modelling and Analysis (CCCma). It has evolved from its predecessor CanESM2 (Arora et al.
(2011)) that was used in CMIP5. CanESM5 represents a major update to CanESM2 and described
in detail in Swart et al. (2019). The major changes relative to CanESM2 are the implementation
of completely new models for the ocean, sea-ice, marine ecosystems, and a new coupler. The
resolution of CanESMS5 (T63 or 2.8 ° in the atmosphere and 1° in the ocean) remains similar to
CanESM2, and is at the lower end of the spectrum of CMIP6 models. The atmospheric
component of CanESM5, represented by version 5 of the Canadian Atmospheric Model
(CanAMD5), has several improvements relative to its predecessor, CanAM4 (von Salzen et al.
(2013)).

The land surface in CanESMS5 is modelled using the Canadian Land Surface Scheme (CLASS;
Verseghy (2000)) and the Canadian Terrestrial Ecosystem Model (CTEM; Arora and Boer (2005);
Arora and Boer (2010)) which together form the land component of CanESM5. CLASS-CTEM
simulate the physical and biogeochemical land surface processes, respectively, and together
they calculate fluxes of energy, water, CO; and wetland CH4 emissions at the land-atmosphere
boundary. The introduction of dynamic wetlands and their methane emissions is a new
biogeochemical process added since the CanESM2 (Arora et al. (2018)). Nitrogen cycle over land
is not represented but the effect of photosynthesis down-regulation as CO; increases is
represented.

The magnitude of the parameter representing this down-regulation is increased in CanESMS5,
compared to CanESM2, following Arora and Scinocca (2016) who found best value of this
parameter that reproduced various aspects of the historical carbon budget for CanESM4.2 (a
model version more similar to CanESM2 than CanESM5). Other than wetlands, and the changes
to the strength of the CO; fertilization effect, the remaining terrestrial ecosystem processes are
represented the same as in CanESM2. The physical ocean component of CanESMS5 is based on
NEMO version 3.4.1. Sea ice is represented using the LIM2 sea ice model (Bouillon et al. (2009);
Fichefet and Maqueda (1997)). Ocean carbon cycle is represented using the Canadian Model of
Ocean Carbon (CMOC) which was developed for earlier versions of CanESM (Arora et al. (2011);
Christian et al. (2010)), and includes carbon chemistry and biology. The biological component is
a simple Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) model, with fixed Redfield
stoichiometry, and simple parameterizations of iron limitation, nitrogen fixation, and export flux
of calcium carbonate.



c. CESM2

The Community Earth System Model version 2 (CESM2, Danabasoglu et al., 2020) couples the
Community Atmosphere Model (CAM6, Simpson et al., 2020), the Community Land Model
(CLM5, Lawrence et al., 2019), the Parallel Ocean Program model (POP2), and the Community
Ice Sheet Model (CICES). Full model descriptions and the performance of each component are
described in the above references and references therein and in additional manuscripts in the
AGU Special Issue on CESM?2.

Land biogeochemistry in CESM2 is represented by CLM5, which is the latest version of CLM
and includes many updates to biogeophysical and biogeochemical and land use processes
relative to prior CLM versions. These updates include: revised parameterizations and structure
for hydrology and snow (spatially explicit soil depth, dry surface layer, revised groundwater
scheme, revised canopy interception and canopy snow processes, updated fresh snow density,
simple firn model, and Model for Scale Adaptive River Transport); plant hydraulics and hydraulic
redistribution; revised nitrogen cycling (flexible leaf stoichiometry, leaf N optimization for
photosynthesis, carbon costs for plant nitrogen uptake); global crop model with six crop types
and time-evolving irrigated areas and fertilization rates; updated stomatal physiology; updated
fire model that includes deforestation/degradation fires; and new parameter estimates for
many key carbon cycle and other parameters. In CLM5, vegetation distributions are prescribed
according to MODIS and the land use transitions from the Land Use Harmonization dataset
(LUH2, Hurtt et al. (2020)) CLM5 represents 14 natural plant functional types (PFTs) and 6 crop
functional types. The vegetation state (LAI, phenology, canopy height) is prognostic in the
biogeochemistry configuration used in default CESM2. This configuration includes full carbon
and nitrogen cycling. PFTs on the naturally-vegetated land unit compete for water and nutrients.
Deforestation in the model is represented by contraction of tree PFT area within the natural
vegetated land unit, as specified by a forcing dataset. CLM5 appears to better capture CO2 and
N-fertilization effects compared to observations (Wieder et al., 2019), though there are strong
parameteric sensitivities in these responses (Fisher et al., 2019).

Ocean biogeochemistry in CESM2 is represented by the Marine Biogeochemistry Library
(MARBL), which is configured to implement an updated version of what has previously been
known as the Biogeochemistry Elemental Cycle (BEC; Moore et al., 2013). MARBL represents
multiple nutrient colimitation (N, P, Si, and Fe) with three explicit phytoplankton functional
groups (diatoms, diazotrophs, and pico/nano phytoplankton) and one implicit group (calcifiers).
There is also one zooplankton group. MARBL prognoses carbonate chemistry and simulates
sinking particulate organic matter implicitly, subject to ballasting by mineral dust, biogenic
CaC03, and Si. Updates relative to CESM1 include a representation of subgrid-scale variations in
light, variable C:P stoichiometry, burial of material at the seafloor that matches riverine inputs in
the preindustrial climate, both semilabile and refractory dissolved organic material pools,
prognostic oceanic emission of ammonia, and an explicit ligand tracer that complexes iron.
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Atmospheric deposition of iron is computed as a function of dust and black carbon deposition
simulated by CAM6. Riverine nutrient, carbon, and alkalinity fluxes are supplied to the ocean
from a data set.



d. CNRM-EMS2-1

Centre National de Recherches Met” eorologiques (CNRM) CNRM-ESM2-1 CNRM-ESM2-1 is the
second generation Earth System model developed by CNRM-CERFACS for CMIP6 (Séférian et al.
(2019)). The atmosphere component of CNRM-ESM2-1 is based on version 6.3 of the global
spectral model ARPEGE-Climat (ARPEGE-Climat v6.3). Over the land surface, CNRM-ESM2-1 use
the ISBA-CTRIP land surface modeling system to solve energy, carbon and water budgets at the
land surface (Decharme et al. (2019); Delire et al. (2019)).

To simulate the land carbon cycle and vegetation-climate interactions, ISBA-CTRIP simulates
plant physiology, carbon allocation and turnover, and carbon cycling through litter and soil. It
includes a module for wild fires, land use and land cover changes, and carbon leaching through
the soil and transport of dissolved organic carbon to the ocean. Leaf photosynthesis is
represented by the semi-empirical model proposed by Goudriaan et al. (1985). Canopy level
assimilation is calculated using a 10-layer radiative transfer scheme including direct and diffuse
radiation. Vegetation in ISBA is represented by 4 carbon pools for grasses and crops (leaves,
stem, roots and a non-structural carbohydrate storage pool) with 2 additional pools for trees
(aboveground wood and coarse roots). Leaf phenology results directly from the carbon balance
of the leaves. The model distinguishes 16 vegetation types (10 tree and shrub types, 3 grass
types and 3 crop types) alongside desert, rocks and permanent snow. In the absence of nitrogen
cycling within the vegetation, an implicit nitrogen limitation scheme that reduces specific leaf
area with increasing CO; concentration was implemented in ISBA following the meta-analysis of
Yin (2002). Additionally, there is an ad-hoc representation of photosynthesis down-regulation.
The litter and soil organic matter module is based on the soil carbon part of the CENTURY model
(Parton et al. (1988)). The 4 litter and 3 soil carbon pools are defined based on their location
above- or below-ground and potential decomposition rates. The litter pools are supplied by the
flux of dead biomass from each biomass reservoir (turnover). Decomposition of litter and soil
carbon releases CO; (heterotrophic respiration). During the decomposition process, some
carbon is dissolved by water slowly percolating through the soil column. This dissolved organic
carbon is transported by the rivers to the ocean.

The ocean component of CNRM-ESM2-1 is the NEMO vn3.6 (Madec et al. (2017)) which is
coupled to both the GELATO sea-ice model (Salas-Melia (2002)) version 6 and also the marine
biogeochemical model PISCESv2-gas.

The atmospheric chemistry scheme of CNRM-ESM2-1 is REPROBUS-C v2. This scheme
resolves the spatial distribution of 63 chemistry species but does not represent the low
troposphere ozone non-methane hydrocarbon chemistry. CNRM-ESM2-1 also includes an
interactive tropospheric aerosol scheme included in the atmospheric component ARPEGE-
Climat. This aerosol scheme, TACTIC v2, represents the main anthropogenic and natural aerosol
species of the troposphere.



The ocean biogeochemical component PISCESv2 (Aumont et al. (2015). PISCESv2-gas
simulates the distribution of five nutrients (from macronutrients: nitrate, ammonium,
phosphate, andsilicate to micronutrient: iron) which regulate the growth of two explicit
phytoplankton classes (nanophytoplankton and diatoms). Dissolved inorganic carbon (DIC) and
alkalinity (Alk) are involved in the computation of the carbonate chemistry.

At ocean surface, PISCESv2-gas exchanges carbon, oxygen, dimethylsulfide (DMS) and nitrous
oxide (N20) tracers with the atmosphere using the revised air-sea exchange bulk as published
by Wanninkhof (2014). PISCESv2-gas uses several boundary conditions which represent the
supply of nutrients from five different sources: atmospheric deposition, rivers, sediment
mobilization, sea-ice and hydrothermal vents.



e. IPSL-CM6A-LR

IPSL-CM6A-LR, is an ocean-atmosphere-land coupled model. It merges three different
models that respectively simulate the atmospheric general circulation (LMDZ, v6A-LR, Peylin et
al. (2020)), the oceanic general circulation (NEMO v3.6, Aumont et al. (2015); Madec et al.
(2017); Rousset et al. (2015); Vancoppenolle et al. (2009)), and the land surface processes
(ORCHIDEE, v2.0, Peylin et al. (2020), in preparation). The resolution of the modelis 2.5°x 1.3,
with 79 vertical layers. NEMO v6A-LR is based on three sub-models for the simulation of the
ocean physics (model OPA, Madec et al. (2017)), of the sea-ice physics (LIM-3, Rousset et al.
(2015); Vancoppenolle et al. (2009)) and of the ocean biogeochemistry (PISCES, Aumont et al.
(2015)).

The general horizontal resolution of the model is 1 °in the zonal and meridional directions. It
decreases to 1/3 in the Tropics. PISCES simulates different sizes of phytoplankton and the
biogeochemical cycles of carbon, iron, nitrate, silicate and phosphorus. ORCHIDEE v2.0 models
the fluxes between the terrestrial surface and the atmosphere and calculates carbon, water and
energy budgets (Krinner et al. (2005); Peylin et al. (2020), in preparation). The model needs light
availability, CO; concentration, soil moisture and temperature for the simulation of the
photosynthesis (Farquhar et al. (1980) and Collatz et al. (1992)). This version provides new
features such as a downregulation which enables, even in the absence of an explicit nitrogen
cycle representation, to account for the impact of nitrogen limitation on the CO; fertilization
effect. This latter feature is based on a logarithmic function of the CO, concentration relative to
380 ppm. This leads to a decrease of the maximum rate of the photosynthesis when there is an
increase of atmospheric CO; concentration as described by Sellers et al. (1996). The carbon
assimilated by plants is distributed in 8 biomass compartments with different turnover. There
are 4 litter pools. A fraction of the decomposed litter is distributed in 3 organic carbon pools.
This version of ORCHIDEE is based on different time resolutions which depend on the
components of the model. For instance, it is quarterly-hour for the photosynthesis and the
water budgets and it is daily for the variation of the carbon storage. The spatial resolution of the
vegetation depends on the type of vegetation (Plant functional types, PFTs) (Cramer (1997);
Prentice et al. (1992); Wullschleger et al. (2014)). A total number of 15 PFTs are used that are
divided into three groups: Forests (8), grasses and crops (6) and bare soil (1). Specific soil types
are associated to these three groups. This leads to a partitioning of the grid box into three tiles.

10



f. MIROC-ES2L

Team MIROC (Japan Agency for Marine-Earth Science and Technology, the University of
Tokyo, the National Institute for Environmental Studies) MIROC-ES2L (Hajima et al., 2020) is
based on the global climate model MIROC5S.2 (Tatebe et al., 2018), which is a minor updated
version of MIROC5 used for CMIP5 (Watanabe et al., 2010). The physical core shares almost the
same structure and characteristics with the latest model MIROCG6 (Tatebe et al., 2019), except
for the atmospheric spatial resolution and treatment of cumulus clouds. This model interactively
couples an atmospheric general circulation model (CCSR-NIES AGCM, Tatebe et al., 2019); an
on-line aerosol component (SPRINTARS, Takemura et al., 2000), an ocean GCM with a sea ice
component (COCO, Hasumi, 2015); a land physical surface model (MATSIRO, Takata et al.,
2003); a land biogeochemical model (VISIT, Ito and Inatomi, 2012); and an ocean
biogeochemical component (OECO2, Hajima et al., 2020).

The atmospheric grid resolution is approximately 2.81° with 40 vertical levels between the
sur-face and about 3 hPa. For the ocean, the model employs a tripolar coordinate system with
62 vertical levels. To the south of 63° N, the ocean model has longitudinal grid spacing of about
1°, while the meridional grid spacing varies from about 0.5° near the Equator to 1¢ in the
midlatitudes. Over the Arctic ocean the grid resolution is even finer following the tripolar
coordinate system. The physical terrestrial component resolves the vertical soil profile with six
layers down to a 14 m depth, with two types of land use tiles (agriculture and non-agriculture).
Terrestrial biogeochemical component considers two layers of soil organic matter (the upper
litter layer and the lower humus layer), with five types of land use tiles (primary vegetation,
secondary vegetation, urban, crop, and pasture).

The terrestrial biogeochemical component simulates the global carbon cycle with fixed
vegetation distribution, based on the C pools of vegetation (leaf, stem, and root), litter (leaf,
stem, and root), and humus (active, intermediate, and passive). The carbon cycle processes are
coupled with nitrogen cycle, and the photosynthetic capacity is controlled by leaf N
concentration. The N cycle is simulated with N pools of vegetation (canopy and structural),
organic soil (litter, humus, and microbe), and inorganic nitrogen (ammonium and nitrate). The
model simulates the perturbation of land use change on the biogeochemistry based on the five
types of land tiles in each land grid. Crop harvesting, nitrogen fixation by N-fixing crops, grazing
pressure on pasture and rangeland, and the decay of organic matter in product pools are
considered, all of which perturb the land biogeochemistry even when land-use is fixed at
preindustrial condition. In addition, the historical and SSPs simulations considers the forest
harvesting and recovery following the LUC transitions, assuming gross transitions among the
land-use types. Deforestation brings the carbon and nitrogen in the harvested biomass to three
types of product pools. Further details on carbon cycle processes in the model can been found
in Ito and Oikawa (2002), nitrogen cycle and land-use change in Hajima et al. (2020). The new
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ocean biogeochemical component model, OECO2, is a NPZD-type model and modified from the
previous model (Watanabe et al., 2011). The biogeochemical compartments of OECO2 are
nitrate, phosphate, dissolved iron, dissolved oxygen, two types of phytoplankton (non-
diazotroph and diazotroph), zooplankton, and particulate detritus. There exist other
compartments of dissolved inorganic carbon (DIC), total alkalinity, calcium, calcium carbonate,
and N20. All organic materials have an identical elemental stoichiometric ratio. The model
considers external nutrient inputs (atmospheric N and Fe deposition, inorganic N and P from
rivers, biological N fixation, Fe input from ocean bottom and shelf) and nutrient loss
(denitrification for N and loss into sediment for N, P, and Fe). The emission, transportation, and
deposition processes of iron are explicitly simulated by the atmospheric aerosol component.
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g. MPI-ESM1.2-LR

The Max-Planck Institute for Earth System Model (MPI-ESM-1.2.0) couples the submodels
of MPIOML1.6 for ocean physics, HAMOCC6 for ocean biogeochemistry, ECHAM®6.3 for the
atmosphere and JSBACH3.2 for the land surface (Mauritsen et al. 2019). Key improvements over
the CMIPS5 version include refinement of the representation of land processes by introducing
amulti-layer soil hydrology scheme(Hagemann and Stacke 2015), extending the land
biogeochemistry to include the nitrogen cycle (Goll et al. 2017), replacing the soil and litter
decomposition by YASSO (Goll et al. 2015) and improving the representation of wildfires
including the SPITFIRE model (Lasslop et al. 2014). The MPI-ESM includes both dynamic
biogeographic changes in vegetation distribution and land-use induced changes. The land use
change module captures subgrid scale (gross) transitions between pasture, cropland and several
natural vegetation types and includes wood harvesting (Reick et al. 2013). The ocean
biogeochemistry was improved by representing cyanobacteria prognostically in order to capture
the response of nitrogen fixation to changing climate conditions, and further includes improved
detritus settling and numerous other refinements (Paulsen et al. 2017).

13



h. NorESM2-LM

NoreESM2 is based on the Community Earth System Model, release 2.1 (CESM2.1,
Danabasoglu et al. 2020). It keeps the original land and sea-ice components of CESM2.1 (i.e.,
CLM5 and CICE5), while the atmospheric component is CAM6 (as in CESM), but with
modifications regarding the energy and angular momentum conservation (Toniazzo et al. 2020).
Further, the aerosol module of CAM6 has been replaced by the production-tagged aerosol
scheme described by Kirkevag et al. (2018). The ocean physical and biogeochemical components
of NorESM2 are the isopycnal ocean circulation model BLOM (Bergen Layered Ocean Model)
with its carbon cycle module iIHAMOCC (Tjiputra et al. 2020).

For CMIP6, NorESM2 has been run in two different resolutions: NorESM2-LM denotes a
configuration with low resolution atmosphere/land models (about 2 degrees) and medium
resolution ocean/ice models (nominally 1 degree resolution). The NorESM2 model is described
in detail by Seland et al. (2020). The CLM5 (Community Land Model version 5, Lawrence et al.
(2019)) prognostically simulates the carbon and nitrogen cycles, which include natural
vegetation, crops, and soil biogeochemistry. The carbon and nitrogen budgets comprise leaf, live
stem, dead stem, live coarse root, dead coarse root, fine-root, and grain pools. Each of these
pools has short-term and long-term storage of non-structural carbohydrates and labile nitrogen.
In addition to the vegetation pools, CLM includes a series of decomposing carbon and nitrogen
pools as vegetation successively breaks down to coarse woody debris, and/or litter, and
subsequently to soil organic matter.

The ocean carbon cycle component iHAMOCC in NorESM2 originated from the HAMburg
Ocean Carbon Cycle Model (HAMOCC; Maier-Reimer and Wetzel, llyina et al. (2013)), which has
been adopted to the isopycnic ocean general circulation model. The current iIHAMOCC version
includes new processes, refined parametrizations, as well as new diagnostic tracers (see Tjiputra
et al. (2020) for details). The ecosystem model is an NPZD-type model with multi nutrient
limitation in its phytoplankton growth formulation. Riverine fluxes of inorganic and organic
carbon as well as nutrients are now implemented. A new feature of NorESM2 is the coupling of
the atmospheric aerosol chemistry with ocean biogeochemistry through sea-to-air dimethyl
sulfate (DMS) fluxes. These fluxes can alter the atmospheric radiative forcing through changes in
aerosol and cloud properties and hence exert an additional Earth system feedback (Schwinger et
al. 2017).
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i. UKESM1-0-LL

UKESM1-0-LL (Sellar et al. 2019) is the low resolution variant of the first version of the
United Kingdom Earth System Model, a cutting edge full complexity ESM based on the
HadGEM3-GC3 (Williams et al. 2018) physical global coupled model. The atmosphere
component is vn11.2 of the Met Office Unified Model at 1.875 by 1.25 ° resolution with 85
levels in the vertical. The atmosphere includes the UK Chemistry and Aerosols (UKCA) model,
configured for tropospheric (O’Connor et al. (2014)) and stratospheric (Morgenstern et al.
(2017)) chemistry. Biogenic volatile organic compound (BVOCs) emissions from vegetation are
included. The ocean model is NEMO vn3.6, at 1 resolution with 75 levels (Storkey et al. (2018)),
with the CICE sea-ice model (Ridley et al. (2018)). The land component is vn5.2 of the JULES land
surface model (Clark et al. (2011)), with terrestrial biogeochemistry represented by the dynamic
vegetation model TRIFFID (Cox (2001),Wiltshire et al. (2020)) and the RothC four pool soil
carbon model Coleman and Jenkinson (1999). TRIFFID and RothC represented the land carbon
cycle in HadGEM2-ES (Collins et al. (2011)), the ESM used to perform the Met Office’s
contribution to CMIP5, but have undergone extensive development for inclusion in UKESM1.
The number of natural plant functional types has risen to 9, and they now have a more realistic,
plant trait based physiology (Harper et al. (2018)) employing new parameterizations based on
observations of the TRY database (Kattge et al. (2011)).

The land carbon cycle is now coupled to the nitrogen cycle (Wiltshire et al. (2020). There
are four soil organic carbon pools which decay at different rates, with four equivalent organic
nitrogen pools, and an additional inorganic nitrogen pool. Mineralisation and immobilisation are
simulated, allowing transfer of nitrogen between the organic and inorganic nitrogen pools. The
inorganic nitrogen pool is available to PFTs to satisfy their nutrient demand; if insufficient
inorganic soil nitrogen is available, net primary productivity is reduced, impacting plant biomass
and leaf area index; the carbon which could not be assimilated due to nitrogen limitation is put
into an exudates pool.

Land use in UKESM1 is represented by two crop and two pasture PFTs (Robertson (2020)).
As the area of land devoted to agriculture grows, trees and shrubs are cleared away and put into
three wood product pools with fast, medium, and slow decay rates. Crop PFTs are not nitrogen
limited, assuming perfect application of nitrogenous fertilizer, and crop harvest is simulated by
diverting 30 percent of crop litter from the soil. When run in emissions-driven configuration the
harvest flux, exudates and decay from wood product pools are added to the atmosphere but are
diagnostic only in CO, concentration-driven mode.

Ocean biogeochemistry is simulated by the MEDUSA-2 model (Yool et al. 2013). MEDUSA-2
includes two large and two small classes each of phytoplankton and zooplankton. Nutrients of
nitrogen, silica, and iron are represented, in addition to dissolved inorganic carbon, oxygen, and
alkalinity. Dust from the land surface provides an input of iron nutrient to the ocean.
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SUPPLEMENTARY TABLE 1. Change in global mean temperature (° C) at 2100 relative to 1850-1899 mean for the 8
SSPs as simulated by the nine ESMs, calculated from 11 year running means of ensemble means. Numbers in
brackets indicate the maximum temperature reached if this differs from the 2100 value.

sspl-1.9  sspl-2.6  ssp2-4.5 ssp3-7.0 ssp4-3.4  sspd-6.0  ssp5-3.4over  ssp5-8.5
ACCESS-ESM1.5 - 2.0(2.2) 3.1(3.2) 4.5 - - - 5.2
CanESM5 2.2(2.6) 2.8(3.0) 44 6.6 3.8(4.0) 5.4(5.5) 3.5(4.1) 7.9
CESM2 - 2.4 3.5 4.6 - - - 6.3
CNRM-ESM2-1 1.7 1.9(2.2) 33 4.7 2.5(2.6) 3.9 2.6(2.8) 5.8
IPSL-CM6A-LR 1.8(2.3) 2.4(2.6) 3.8 5.5 3.0(3.1) 4.3(4.4) 2.8(3.3) 6.8
MIROC-ES2L 15(1.7) 15(2.0) 2.6(2.8) 3.5(3.7) - - - 4.7
MPI-ESM1.2-LR - 1.4(1.7) 2.5(2.6) 3.7 - - - 4.4 (4.5)
NorESM2-LM - 1.1(1.5) 2.1 3.4 - - - 3.7 (4.0)
UKESM-0-LL 2.2(2.4) 2.8 4.2 6.3 3.6(3.7) - 3.4(3.7) 7.2
Mean 1.9 2.0 31 4.6 3.2 4.5 2.9 5.6

17



SUPPLEMENTARY TABLE 2. Net biosphere production (GtC yr-!) averaged over the decades indicated. The equivalent
flux from Table 6 of Friedlingstein et al. (2019), calculated as (Siano—Eiuc) is shown for the same periods, with the
exception that the final value from Friedlingstein et al. (2019) covers 2009-2018 as opposed to 2009-2015 for
the ESMs.

1960s 1970s 1980s 1990s 2000s 2009-2015
GCB2019 -0.2+0.9 0.9+0.8 0.6+0.9 1.0+0.8 1.3+0.9 1.7+0.9
ACCESS-ESM1.5 0.98 0.92 1.24 1.25 1.11 1.07
CanESM5 -0.68 -0.36 -0.22 0.61 0.45 0.56
CESM2 -0.44 0.28 0.64 1.13 1.36 1.03
CNRM-ESM2-1 1.06 1.61 1.68 212 2.24 2.14
IPSL-CM6A-LR -0.12 0.36 0.63 1.23 1.42 1.48
MIROC-ES2L 0.74 1.41 2.03 2.68 2.21 2.10
MPI-ESM1.2-LR -0.33 -0.03 0.62 0.95 1.22 1.04
NorESM2-LM -0.41 0.39 0.68 1.04 1.48 1.30
UKESM1-0-LL -0.41 -0.08 0.26 0.76 0.93 1.00
Mean £ Std dev 0.04 +0.68 0.5+0.68  0.84+0.70  1.318+0.67  1.38+0.57 1.30+0.53
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SUPPLEMENTARY TABLE 3. Change in land carbon store (GtC) for the historical period from 1850 to 2015 and for the
SSPs from 1850 to 2100. Data-based estimates from 1850 to 2014 are taken from Table 8 of Friedlingstein et al.
(2019) as [SLAND' ELUC]

Historical sspl-1.9  sspl-2.6  ssp2-4.5 ssp3-7.0 ssp4-3.4 ssp4-6.0 ssp5-3.4over ssp5-8.5
ACCESS-ESM1.5 98 - 152 142 88 - - - 124
CanESM5 -23 63 145 266 368 12 288 132 561
CESM2 -35 - 154 179 154 - - - 270
CNRM-ESM2-1 142 267 323 404 395 277 389 403 482
IPSL-CM6A-LR 25 138 186 201 170 84 177 134 196
MIROC-ES2L 33 92 155 254 368 - - - 406
MPI-ESM1.2-LR -22 - 138 162 176 - - - 233
NorESM2-LM -28 - 175 198 175 - - - 295
UKESM1-0-LL -10 38 75 96 58 -27 - 57 107

Model mean 20+62 120+90 167+66 211489 2174126 87+135 285+106 194+148 298+157
GCB2019 -10+60 - - - - - - - -
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SUPPLEMENTARY TABLE 4. Ocean carbon uptake (GtC yr'!) averaged over the decades indicated. Ocean sink (Socean)
from table 6 of Friedlingstein et al. (2019) is shown for the same periods, with the exception that the final value
from the Friedlingstein et al. (2019) covers 2008-2017.

1960s 1970s 1980s 1990s 2000s 2008-2015
GCB2018 1.0+0.5 1.3+0.5 1.7+0.5 2.0£0.5 2.1+0.5 2.4+0.5

ACCESS-ESM1.5 0.97 1.43 1.86 2.07 2.38 2.54
CanESM5 0.88 1.25 1.62 1.78 2.03 2.22
CESM2 0.89 1.28 1.68 1.84 212 2.35
CNRM-ESM2-1 0.75 1.17 1.49 1.71 2.02 221
IPSL-CM6A-LR 0.81 1.19 1.58 1.78 2.07 2.30
MIROC-ES2L 0.81 1.21 1.72 1.84 2.15 243
MPI-ESM1.2-LR 0.88 1.25 1.59 1.78 2.13 2.37
NorEMS2-LM 0.89 1.27 1.67 1.88 2.15 231
UKESM1-0-LL 0.93 1.26 1.70 1.82 2.10 2.35
Mean = Std dev 0.86+0.06 1.235+0.04 1.63+£0.08 1.80+0.05 2.10£0.05 2.32%0.07
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SUPPLEMENTARY TABLE 5. Change in ocean carbon store (GtC) simulated by the nine ESMs for the historical period
from 1850 to 2014 and for the SSPs from 1850 to 2100. Data-based estimates are from Friedlingstein et al.
(2019), citing the IPCC estimate (Denman et al. 2007).

Historical sspl-1.9  sspl-2.6  ssp2-4.5 ssp3-7.0 ssp4-3.4  sspd-6.0 ssp5-3.4over  ssp5-8.5
ACCESS-ESM1.5 150 - 319 419 514 - - - 583
CanESM5 132 231 278 366 448 292 389 329 506
CESM2 133 - 295 384 473 - - - 527
CNRM-ESM2-1 124 237 285 369 451 300 394 335 508
IPSL-CM6A-LR 128 244 293 384 470 311 410 350 534
MIROC-ES2L 131 257 302 394 478 - - - 531
MPI-ESM1.2-LR 134 - 301 388 471 - - - 534
NorESM2-LM 134 - 299 391 481 - - - 544
UKESM-O-LL 134 237 284 373 457 299 - 336 518
Mean * Std dev 129+16 241410 287427  375#36  458%47 30148 397+11 33749 516+53
GCB2019 150+20 - - - - - - - -
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Supplementary Figure 1. Change in global mean surface air temperature ( ° C) relative to 1850-1899 mean for
the historical period as simulated by the 9 ESMs.

20 Change in global mean temperature

ACCESS-ESM1-5
— CanESM5

—— CESM2

1.5 1 CNRM-ESM2-1
—— IPSL-CMBA-LR
—— MIROC-ES2L
1.0 4 —— MPI-ESM1-2-LR A
NorESM2-LM i/
v —— UKESM1-0-LL \ _' i
== Obs: HadCRUT ik o,
0.5 7 === Model mean

_‘.‘? - u;.g- "I l:ﬁ ; 'A"‘i i <
0.0 ARRd 3} SoA) A .

-0.5

1860 1880 1900 1920 1940 1960 1980 2000
Year

23



Supplementary Figure 2. Change in global mean temperature for the 9 ESMs individually for all SSP experiments
performed by each relative to the 1850-1899 mean of the historical ensemble mean of each model. Dashed
horizontal lines indicate 1.5 °Cand 2.0 ° C of warming
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Supplementary Figure 3. Fossil fuel CO, emissions rate compatible with the Shared Socioeconomic Pathways.
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Supplementary Figure 4. Cumulative fossil fuel CO; emissions compatible with the Shared Socioeconomic
Pathways
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Supplementary Figure 5. Timeseries of Net Biosphere Productivity under the Shared Socioeconomic Pathways.
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Supplementary Figure 6. Change in land carbon store under the Shared Socioeconomic Pathways.
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Supplementary Figure 7. Change in soil carbon store under the Shared Socioeconomic Pathways.
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Supplementary Figure 8. Change in vegetation carbon store under the Shared Socioeconomic Pathways.
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Supplementary Figure 9.

GtC
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Change in litter carbon store under the Shared Socioeconomic Pathways.
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Supplementary Figure 10. Timeseries of air-to-sea flux of CO, under the Shared Socioeconomic Pathways.
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Supplementary Figure 11. Change in ocean carbon store under the Shared Socioeconomic Pathways.
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Supplementary Figure 12. Cumulative Airborne Fraction of fossil fuel CO, emissions under the Shared
Socioeconomic Pathways.
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Supplementary Figure 13. Enlarged version of Figure 3 (a) and (b) from the main text. Timeseries (left panel) and
cumulative total (right panel) of fossil fuel CO, emissions from CanESM5, CESM2, CNRM, IPSL, and UKESM with
observational fossil fuel emissions from Gilfillan et al (2019).
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Supplementary Figure 14. Enlarged version of Figure 3 (c) and (d) from the main text. Timeseries (left panel) and
cumulative total (right panel) of land use emissions calculated as land carbon uptake (cumulative NBP) in hist-
nolLu minus that in historical. The black curve is the dataset of land use emissions provided under the C4AMIP
protocols for driving the emissions-driven historical esm-hist experiment for models which do not have the
ability to simulate LUC emissions interactively with the atmosphere. These are derived from Hansis et al. (2015)
and Houghton et al (2012). The green curve is land use emissions from GCB2019 (Friedlingstein et al (2019)), the
cumulative total calculated using Table 8.
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Supplementary Figure 15. Enlarged version of Figure 3 (e) and (f) from the main text. Timeseries (left
panel) and cumulative total (right panel) of the sum of fossil fuel emissions + land use emissions shown in
Supplementary Figures 13 and 14.
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