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Abstract. The carbon cycle plays a foundational role in the
estimation of the remaining carbon budget. It is intrinsic
for the determination of the transient climate response to
cumulative CO, emissions and the zero-emissions commit-
ment. For the terrestrial carbon cycle, nutrient limitation is
a core regulation on the amount of carbon fixed by terres-
trial vegetation. Hence, the addition of nutrients such as ni-
trogen and phosphorus in land model structures in Earth sys-
tem models is essential for an accurate representation of the
carbon cycle feedback in future climate projections. There-
fore, the estimation of the remaining carbon budget is im-
pacted by the representation of nutrient limitation in mod-
elled terrestrial ecosystems; however, it is rarely accounted
for. Here, we estimate the carbon budget and remaining car-
bon budget of a nutrient-limited Earth system model, us-
ing nitrogen and phosphorus cycles to limit vegetation pro-
ductivity and biomass. We use eight Shared Socioeconomic
Pathways (hereafter SSP) scenarios and idealized experi-
ments with three distinct model structures: (1) carbon cy-
cle without nutrient limitation, (2) carbon cycle with ter-
restrial nitrogen limitation, and (3) carbon cycle with ter-
restrial nitrogen and phosphorus limitation. To capture the
uncertainty in the remaining carbon budget, three different
climate sensitives were tuned for each model version. Our
results show that, overall, nutrient limitation reduced the re-
maining carbon budget for all simulations in comparison
with the carbon cycle without nutrient limitation. Between
nitrogen and nitrogen—phosphorus limitation, the latter had
the lowest remaining carbon budget. The mean remaining
carbon budgets obtained from the SSP scenario simulations
for the 1.5°C target in the non-nutrient-limited, nitrogen-
limited, and nitrogen—phosphorus-limited models were 228,

185, and 175PgC, respectively, relative to the year 2020.
For the 2 °C target, the mean remaining carbon budget val-
ues were 471, 373, and 351 PgC for the non-nutrient-limited,
nitrogen-limited, and nitrogen—phosphorus-limited models,
respectively, relative to the year 2020. This represents a re-
duction of 19% and 24 % for the 1.5°C target and 21 %
and 26 % for the 2 °C target for the respective nitrogen- and
nitrogen—phosphorus-limited simulations compared with the
non-nutrient-limited model. These results show that terres-
trial nutrient limitation constitutes an important factor to be
considered when estimating or interpreting remaining carbon
budgets and that it is an essential uncertainty in the remaining
carbon budgets from Earth system model simulations.

1 Introduction

Future climate projections have only rarely accounted for nu-
trient limitation of the land carbon sink (Wang and Goll,
2021). This weakness was partially overcome in Phase 6
of the Coupled Model Intercomparison Project (CMIP6),
with more Earth system models (ESMs) embracing nitrogen
(N) limitation as a standard for terrestrial system structures.
However, the inclusion of phosphorus (P) remains rare, and
the representation of micronutrients remains a distant ambi-
tion (Arora et al., 2020; Spafford and MacDougall, 2021).
Thus, the future of the land carbon sink remains uncertain,
as projecting the interactions between the terrestrial sys-
tem and atmosphere is a challenge without fully accounting
for nutrient limitations (Achad et al., 2016). Since the year
1850, the cumulative CO5 land sink has been estimated to be
210 +45PgC, which represents 31 % of all anthropogenic
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carbon emissions (Friedlingstein et al., 2022). The terrestrial
carbon sink has increased historically with an increasing CO;
emission rate such that the proportion of carbon taken up
by land has remained close to constant (Friedlingstein et al.,
2022).

Nutrient availability constrains the capacity and rate at
which terrestrial plants assimilate carbon (Goll et al., 2012).
N and P are the nutrients that most commonly limit veg-
etation growth (Filipelli, 2002; Fowler et al., 2013; Wang
et al., 2010; Du et al., 2020); hence, they have been the sub-
ject of most research and large-scale modelling efforts. Glob-
ally, this effect varies. Most of the terrestrial biosphere is co-
limited by both N and P, with N being the dominant limiting
nutrient at higher latitudes, whereas P dominates at lower lat-
itudes (Du et al., 2020). Earth system models are designed to
account for land use change and biological productivity when
estimating the carbon sink on land (Kiwamiya, 2020). The
change in the nutrient concentration in terrestrial systems in
future simulations is an uncertainty with respect to determin-
ing the land carbon sink over the next decades (Shibata et al.,
2010, 2015; Menge et al., 2012). Complicating this prob-
lem further, a large portion of nutrients on land are derived
from anthropogenic sources, including agricultural fertiliza-
tion (artificial, compost and manure), atmospheric deposition
of N-bearing pollutants, and urban wastewater discharge (Lu
and Tian, 2017; van Puijenbroek et al., 2019).

It is likely that the first generation of ESM simulations
overestimated how much terrestrial ecosystems would re-
spond to an increase in the atmospheric carbon dioxide con-
centration based on carbon-only schemes (Wieder et al.,
2015). A large amount of terrestrial carbon uptake was pre-
dicted by those simulations, which would result in unrealistic
nutrient requirements. For example, in a study by Wieder et
al. (2015), ESMs with N and N-P limitation were projected
to decrease net primary productivity by 19 % and 25 %, re-
spectively. Hence, the implementation of nutrient limitation
in ESMs has been shown to improve the representation of
carbon uptake on land (Wang et al., 2007, 2010; Goll et al.,
2017; De Sisto et al., 2023) and, thus, will affect the carbon
budget.

The carbon budgets can be seen from two perspectives.
The first describes pools and fluxes of carbon within the
Earth system (Friedlingstein et al., 2022). This perspective
serves to understand how natural sinks respond to changes in
climate, CO,, and CHy. The second describes the remaining
carbon budget: the allowable future CO;, emissions to reach
a temperature target, commonly 1.5 and 2 °C. The remain-
ing carbon budget is derived from another metric, the tran-
sient climate response to cumulative CO, emission (TCRE),
which quantifies how global surface temperatures are nearly
proportional to cumulative CO; emissions (Matthews et al.,
2009; MacDougall, 2016; Spafford and MacDougall, 2020).
As the TCRE represents the proportionality of cumulative
CO; emission to its accompanying temperature change, its
inverse can be used to estimate the remaining carbon budget
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for temperature targets (Matthews et al., 2020). The TCRE
has been shown to be a good metric for predicting the re-
sponse of temperature to cumulative CO; emissions. How-
ever, this metric only represents warming from CO, emis-
sions, excluding the impacts of non-CO, forcing agents. A
method to account for this issue is to use simulations in-
cluding all anthropogenic forcing and to plot the total an-
thropogenic warming as a function of cumulative CO; emis-
sions, also known as the “effective TCRE” (Tokarska et al.,
2018). There is a large uncertainty in TCRE estimates, with a
likely range from 1.0 to 2.3 KEgC~! (IPCC, 2021). For ide-
alized experiments the transient climate response (TCR) can
be used to quantify the physical uncertainty in the TCRE.
The TCR is the amount of global warming expected to oc-
cur when atmospheric CO, concentrations double from their
pre-industrial levels, while all other factors remain constant.
This corresponds to year 70 in a 1pctCO2 experiment, in
which the annual CO, concentration is increased at a rate
of 1%yr~! (Eyring et al., 2016). The TCR is dependent on
the CO, concentration rates represented in the input datasets.
Hence, unlike the TCRE, the TCR is dependent on the
scenario used to compute it (e.g. MacDougall, 2017). The
other important source of variability among TCRE estimates
comes from uncertainties in carbon uptake by the ocean and
terrestrial biosphere.

Terrestrial system nutrient limitation plays a vital role in
the estimation of the remaining carbon budget due to its ef-
fect on the carbon cycle. Accounting for P limitation in car-
bon budget estimations is desirable due to its limiting effect
at low latitudes (Du et al., 2020). Hence, the impacts of P on
terrestrial vegetation biomass and the limitation of the car-
bon sink almost certainly affect remaining carbon budget es-
timates. This study assesses how nutrient limitation affects
several uncertainties in remaining carbon budget estimates,
including uncertainty in the TCRE, the estimated contribu-
tion of non-CO; climate forcings to future warming, the cor-
rection for the feedback processes presently unrepresented
by Earth system models, and the unrealized warming from
past CO; emissions — called the zero-emissions commitment
(ZEC) (Rojelj et al., 2018). In addition to these four fac-
tors, knowledge of the human-induced warming to date is
needed to compute the remaining carbon budget. This value
is well estimated from historical records (Arias et al., 2021).
Nutrient limitation can be used to improve historical warm-
ing accuracy in emission-forced ESM simulations (De Sisto
et al., 2023). The TCRE represents the response of temper-
atures to CO, emissions; hence, different models can rep-
resent different remaining carbon budgets based on differ-
ent carbon—climate sensitivities. The non-CO, emissions af-
fect the change in temperatures and need to be understood to
maintain desired temperature targets. Moreover, the change
in temperature after emission cessation is an important dy-
namic that should be understood and considered in remain-
ing carbon budget estimations. In future projections, non-
CO; climate forcings are likely affected by the introduc-
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tion of nutrient limitation in ESMs. The main impacts in-
clude feedback changes due to the land carbon sink and land
use change emission variation (including albedo changes),
either by photosynthetic limitation or a reduction in terres-
trial vegetation biomass. These changes might also impact
the expected warming contribution after CO, emissions are
ceased. Lastly, within this remaining carbon budget frame-
work, N and P constitute an unrepresented source of Earth
system feedback that is now accounted for in the present sim-
ulations.

Isolating the effects of N and P terrestrial limitation pro-
vides a novel insight into how underrepresented process
in terrestrial systems contribute to remaining carbon bud-
get uncertainties. Therefore, it is important to understand
how ESM carbon cycle sensitivity to nutrient limitation con-
strains the land carbon sink in future simulations. Hence,
we explore the effect of terrestrial N and P limitation in
remaining carbon budget estimates using an intermediate-
complexity Earth system model and employing historical,
idealized, and Shared Socioeconomic Pathways (hereafter
SSP) projections.

2 Methodology
2.1 Model description

Simulations to quantify the remaining carbon budgets were
carried out with the University of Victoria Earth System Cli-
mate Model (UVic ESCM). The UVic ESCM (version 2.10)
is a global, intermediate-complexity model (Weaver et al.,
2001; Mengis et al., 2020). The model is comprised of a 3D
dynamic ocean circulation model (Pacanowski, 1995), a sim-
plified moisture—energy balance atmosphere (Fanning and
Weaver, 1996), a dynamic—thermodynamic sea ice model
(Bitz et al., 2001), and a land surface model (Meissner et al.,
2003).

In the model, the terrestrial and oceanic carbon cycles are
represented. The ocean comprises 19 vertical levels that be-
come thicker with depth (50 m near the surface to 500 m in
the deep ocean). Ocean biogeochemistry is based on a simple
nutrient—phytoplankton—zooplankton—detritus model (Keller
et al., 2012; Schmittner et al., 2005), with representation of
the ocean carbonate chemistry and sediments (Mengis et al.,
2020).

In version 2.10 of the model, the soil is represented by
14 subsurface layers. The thickness of these layers increases
exponentially with depth, with the surface layer measuring
0.1 m, the bottom layer measuring 104.4m, and the total
layer measuring 250 m. Hydrological processes are active in
the first eight soil layers (top 10 m), whereas the layers below
have granitic characteristics. The soil carbon cycle is active
up to a depth of 3.35 m (six layers) (Avis, 2012; MacDougall
et al., 2012). TRIFFID (Top-down Representation of Interac-
tive Foliage and Flora Including Dynamics) represents vege-
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tation interaction between five plant functional types within
the terrestrial vegetation. Based on the Lotka—Volterra equa-
tions (Cox, 2001), broadleaf trees, needleleaf trees, shrubs,
C3 grasses, and C4 grasses compete for space in the grid.
Appendix Fig. C1 shows the representation of above-ground
vegetation biomass using the UVic ESCM compared to the
Santoro et al. (2024) dataset. Carbon is taken up and allo-
cated to growth and respiration via photosynthesis. The car-
bon from vegetation is then transferred to the soil through
litter fall and allocated to the soil as a decreasing function of
depth. Permafrost carbon is prognostically generated within
the model using a diffusion-based scheme meant to approx-
imate the process of cryoturbation (MacDougall and Knutti,
2016).

The UVic ESCM prescribes anthropogenic land use
changes based on the standardized CMIP6 land use forcing
(Ma et al., 2020) regridded to the UVic ESCM grids. Land
use data products have been modified for use by the UVic
ESCM by aggregating cropland and grazing land into one
crop type, representing any of the five functional types of
crops, and one grazing variable, representing pastures and
rangelands. Using this forcing, the model determines the
fractions of grid cells that contain crops and grazing areas,
and these fractions are assigned to C3 and C4 grasses and
excluded from the vegetation competition routine of TRIF-
FID. Land use change emissions release 50 % of the carbon
stored in vegetation directly to the atmosphere when forest
or other vegetation is cleared from croplands, rangelands, or
pastures. The remaining 50 % remains in a short-lived soil
carbon pool. A full description of the model can be found in
Mengis et al. (2020).

A terrestrial N and P model has recently been developed
for the UVic ESCM (De Sisto et al., 2023). The N cycle mod-
ule consists of three organic pools (litter, soil organic matter,
and vegetation) and two inorganic pools (NHZr and NOy).
N input is represented by atmospheric N deposition and bi-
ological N fixation. The latter is dependent on the terrestrial
net primary productivity (NPP). Biological N fixation and
mineralization of organic N produce NH], which can be ab-
sorbed by plants (vegetation), leached, or transformed into
NOj' via nitrification. NOj5 is produced through nitrification
and can be taken up by plants; leached; or denitrified into
NO, N;O, or Nj. Inorganic N is distributed between the leaf,
root, and wood; the wood has a fixed stoichiometric ratio,
whereas the leaf and root pools have a variable ratio. The
partitioning of carbon, N, and P among plant structures does
not change when the soil is considered to be nutrient limited.
Organic N leaves the living pools (via litter fall) and enters
the litter pool, which is either mineralized or transferred to
the organic soil pool; however, part of this N can be mineral-
ized into the inorganic N pools. Before litter fall, a constant
fraction of the N is reabsorbed. Mineralization of the litter
and organic matter pools is dependent on the turnover rates,
concentration of N, soil temperature, and soil moisture. At
the same time, N can flow from the inorganic to the soil or-
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ganic pool via immobilization. A complete description of the
N cycle can be found in Wania et al. (2012) and De Sisto
et al. (2023).

The P module includes three inorganic — labile, sorbed,
and strongly sorbed — and three organic — vegetation (leaf,
root, and wood), litter, and soil — P pools. The P input is
driven by a fixed estimate of P release per global soil type,
as in Wang et al. (2010). Inorganic P in soil (Pg;1) follows
the dynamics described in Goll et al. (2017): a fraction of
the inorganic soil P is transferred to the sorbed pool, while
the remaining fraction is considered to be labile. A portion
of the sorbed pool is also transferred to the strongly sorbed
pool, where it is considered to be a loss of P from the soil
system. After uptake, P is distributed into three vegetation
compartments: leaf, root, and wood. Leaf and root have a
dynamic value that varies between a minimum and a max-
imum, whereas wood has a fix C: P ratio. The vegetation
P biomass dynamics are determined from the difference be-
tween the amount of uptake and the loss from litter fall. Be-
fore litter fall, a fraction of P is reabsorbed. The P litter pool
is dependent on three terms: the input from litter fall, the
decomposition rate, and the loss from mineralization (Wang
et al., 2007). The decomposed soil litter is transferred to the
soil organic P pool. The mineralization of P is determined
from the maximum rate of P mineralization, the N cost of
plant root P uptake, a critical N cost value for root P uptake
at which phosphatase production begins, and a Michaelis—
Menten constant for P mineralization. A complete descrip-
tion of the P cycle can be found in De Sisto et al. (2023).

N and P limit terrestrial vegetation growth in the model in
two different ways. First, N limits the photosynthetical ac-
tivity (1) by regulating the maximum carboxylation rate of
ribulose bisphosphate carboxylase and (2) by directly reduc-
ing biomass. This reduction is controlled by the maximum
C : N leaf ratio: reducing this value corresponds to a larger
reduction in vegetation biomass. Second, there is a stoichio-
metric reduction in the biomass when N and P are considered
to limit terrestrial plants. If C : N ratios are above a set ratio
threshold, carbon biomass from the wood and root compart-
ments is transferred to the litter pool (reassembling decaying
vegetation in nutrient-limited environments) until the “nor-
mal” set C : N ratio is reached. There is no direct inclusion of
P limitation in photosynthesis-related equations. Past model
development efforts tested different approaches, such as that
of Walker et al. (2014), but the concepts were incompatible
with the current version of land vegetation model structure.

2.2 Experimental set-up

The effects of N and P were analyzed from the perspective
of the sources of uncertainty in the remaining carbon budget
estimates. Here, the framework includes how N and P impact
the representation of (1) the model fidelity of anthropogenic
warming to date, (2) the TCRE, (3) the unrealized warming
from past CO; emissions (zero-emissions commitment), and
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(4) the estimated contribution of non-CO; climate forcings to
future warming. We run three different versions of the UVic
ESCM (version 2.10): (1) carbon only (C-only); (2) carbon
and nitrogen (CN); and carbon, nitrogen, and phosphorus
(CNP). Furthermore, to capture the uncertainty in the car-
bon budget estimates, the equilibrium climate sensitivity was
tuned using a parameter designed by Zickfeld et al. (2009)
to alter the climate sensitivity in the UVic ESCM by altering
the flow of long-wave radiation back to space. The dynamics
of the alteration are represented in the following equation:

L3y = Low — (T — Tp), Q)

where L, is the modified long-wave radiation, Loy is the
unmodified long-wave radiation, c is a proportionality con-
stant that corresponds to specific equilibrium climate sensi-
tivities, T is the present global average temperature, and 7y is
the global average temperature at the initial year of the sim-
ulation. The parameter c is used to increase or decrease the
net climate feedback by reducing or increasing the outgo-
ing long-wave radiation. Model variants were tuned to have
equilibrium climate sensitivities (ECSs) per doubling of CO,
of 2.0°C or 4.5 °C to represent the “likely bounds” (IPCC,
2021), and they used the emergent climate sensitivity of the
model (3.4 °C) as the central estimate.

2.2.1 Historical human-induced warming to date

We conducted three historical simulations to assess the his-
torical climate response differences between the C-only and
the CN and CNP versions of the UVic ESCM. Each model
structure was calibrated using aerosol scaling so that histor-
ical temperatures matched observations. We used the God-
dard Institute for Space Studies (GISS) temperature observa-
tions in this study. The 3D aerosol optical depth can be scaled
by a fraction in the UVic ESCM and was used in version 2.10
to calibrate aerosol forcing to fit current values (Mengis et al.,
2020). Thus, the historical warming to date is similar for all
model variants, but the estimated historical emissions vary,
allowing model validation. The non-CO, forcing included
solar forcing; volcanic forcing; aerosol forcing; and the ag-
gregate forcing from halocarbons, CHy, and N> O.

2.2.2 Transient climate response to cumulative
emissions

To diagnose the TCR and the TCRE, we ran simulations
starting with a 1 % yr~! increase in the CO; concentrations
until a doubling and quadrupling (2x and 4x CO;) were
reached, after which the concentration was kept constant
(Eyring et al., 2016). Both the TCR and TCRE are com-
puted at year 70 of this 1pctCO, experiment, when the at-
mospheric CO, concentration has doubled. To account for
the non-CO; forcing effect on climate sensitivity, we applied
the approach of Tokarska et al. (2018) to compute the effec-
tive TCRE. This approach uses SSP projections to simulate
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a fully forced simulation. The SSP projections represent dif-
ferent futures that portray a wide array of climate outcomes.
For the effective TCRE, SSP5-8.5 is used to represent a fully
forced simulation in order to estimate the response of tem-
perature to cumulative emissions.

2.2.3 Zero-emissions commitment

To explore the effects of nutrient limitation on the zero-
emissions commitment (ZEC), an experiment was done fol-
lowing the protocol of the Zero Emissions Commitment
Model Intercomparison Project (ZECMIP). The objective of
the ZECMIP is to quantify the amount of unrealized tem-
perature change after CO, emissions have ceased as well as
the drivers behind the change (Jones et al., 2019). The ex-
perimental protocol was applied to the C-only, CN, and CNP
model versions. For these experiments, the 1pctCO, exper-
iment is followed until diagnosed cumulative emissions of
CO, reach 1000 Pg C; thereafter, further CO, emissions are
set to zero. We diagnosed three emission pathways corre-
sponding to the C-only, CN, and CNP simulations. We used
two metrics to assess the nutrient limitation effect on the
ZEC. The first is the temperature at the 50th year after emis-
sions have ceased relative to the global average temperature
when emissions ceased, averaged from year 40 to year 59 af-
ter emissions cease (ZECsp) as in MacDougall et al. (2020).
The second is the mean ZEC for 100 years after emissions
have ceased.

2.2.4 Estimated contribution of non-CO; climate
forcings to future warming

To estimate the impact of nutrient limitation on the con-
tribution of non-CO; climate forcings to future warming,
eight SSP scenarios for the C-only, CN, and CNP versions
of the UVic ESCM (version 2.10) were run. We included
the CMIP6 SSP array scenarios representing each distinct
future (1-5) narrative. The following scenarios were run:
SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP4-3.4, SSP4-
6.0, SSP5-3.4-0S, and SSP5-8.5. The carbon budget fol-
lows temperature anomalies normalized to the 1850-1900
mean for the 1.5, 2, 2.5, and 3 °C targets. For the four over-
shoot scenarios (SSP1-1.9, SSP1-2.6, SSP4-3.4, and SSP5-
3.4-0S), the remaining carbon budget is computed for the
time at which the target is first breached.

To estimate the effect of nutrient limitation on land use
change emissions and terrestrial albedo, an extra set of three
simulations for the C-only, CN, and CNP model versions and
the same eight SSP scenario simulations were conducted. In
these simulations, land use change forcing was set to the
pre-industrial value for the year 1850. The model adjusts its
diagnosed CO, emissions to account for the missing land
use change forcing. Hence, the diagnosed emission differ-
ence between the simulations with land use change forcing
and without forcing corresponds to the estimated amount of
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land use change emissions (Mengis et al., 2018). These val-
ues also carry the effect of albedo change due to land use
change. Thus, our values show the total land use change
emission + albedo effect simulated in the model.

3 Results
3.1 Historical human-induced warming to date

For each model structure, the historical temperature was cal-
ibrated to match historical observations by altering the effi-
cacy of aerosol forcing. Figure 1 shows the resulting near-
surface air temperature anomalies for the UVic ESCM C-
only, CN, and CNP configurations after calibration relative to
the 1951-1980 climate normal. The temperature anomalies
were plotted against the GISS near-surface air temperature
anomalies relative to 1951-1980 (GISTEMP Team, 2023).
For the three different versions of the model, the resulting
calibrated simulations reproduced the historical temperature
trend well when compared to GISS observations. As shown
in De Sisto et al. (2023), the UVic ESCM CN and CNP ver-
sions without calibration have higher temperatures compared
with the C-only version, given that nutrients limit the capac-
ity of the terrestrial system to take up atmospheric CO,. In
other words, atmospheric CO3 is higher given the same to-
tal emissions of CO,. Between CN and CNP, CNP results in
a higher temperature response, mainly as a result of tropical
terrestrial nutrient limitation and extra P limitation at higher
latitudes.

Figure 2 shows the historical global carbon cycle from
1850 to 2021 for the C-only, CN, and CNP model versions.
There are two main impacts of nutrient limitation on terres-
trial systems: (1) a reduction in the land carbon sink and (2) a
reduction in the land use change emissions. The reduction in
the land carbon sink is related to a decrease in the photo-
synthetic capacity and the regulation of terrestrial vegetation
biomass. This biomass reduction leads to a reduction in the
land use change emissions, especially as N and P greatly af-
fect woody biomass. The global reduction in carbon uptake
increases the concentration of CO, in emission-driven simu-
lations. Following this logic and given that the concentration-
driven simulations have a set atmospheric CO> concentra-
tion, the diagnosed emissions estimated in our simulations
were reduced in CN and CNP compared with the C-only
version. The model estimates that less emissions are neces-
sary to keep the CO, concentration on track, as less carbon
is taken up from land. In order to be comparable to the latest
Global Carbon Budget report (Friedlingstein et al., 2022), es-
timation of the historical carbon cycle follows carbon fluxes
from 1850 to 2021, while the estimation of the remaining
carbon budget starts from the year 2020 following different
future SSP scenario pathways. From 1850 to 2021 (Fig. 2),
the range of reduction in the CN and CNP nutrient-limited
simulations for the cumulative land carbon sink was 75 to
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Figure 1. Historical temperature relative to 1951-1980 for the C-only, CN, and CNP model versions of the UVic ESCM compared to the

GISS historical temperature dataset (GISTEMP Team, 2023).
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Figure 2. Simulated historical 1850-2021 cumulative land carbon sink, ocean sink, land use change emissions, and diagnosed CO, emissions

simulated compared to Friedlingstein et al. (2022).

106 PgC compared with the C-only simulation. The range
of reduction in the cumulative land use change emissions
was 60 to 93 PgC. Finally, the range of reduction in the cu-
mulative carbon emissions diagnosed by the concentration-
driven simulations was 11 to 29PgC. The CNP cumula-
tive fossil fuel CO, emission value of 483 PgC is within
the scope of the 465 425 Pg C value given by Friedlingstein
et al. (2022), whereas the C-only and CN values are slightly
above this estimate, 501 and 512 PgC, respectively (Fig. 2).

Biogeosciences, 21, 4853-4873, 2024

3.2 Transient climate response to cumulative CO,
emissions

The TCR for doubling CO, concentrations was 1.78, 1.79,
and 1.79°C in the C-only, CN, and CNP model versions,
respectively. These small differences are driven by albedo
changes. With respect to CNP and CN, the albedo change
has a small increasing effect of 0.004 °C in CNP compared
with CN. (Note that the UVic ESCM lacks internal vari-
ability, so this very small difference is computable.) The
TCRE for the C-only version resulted in 1.74 KEgC ™! com-
pared with 1.94 KEgC~! for CN and 2.07 KEgC~! for CNP.
The TCRE values for all of the simulations are within the
range of 1 to 2.3 KEgC™! given by the Intergovernmental
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Figure 3. The zero-emissions commitment (ZEC) following the cessation of emissions during the experiment wherein 1000 Pg C was emitted
following the 1pctCO2 experiment. The ZEC is the temperature anomaly relative to the estimated temperature at the year of cessation. Note
that the UVic ESCM lacks internal variability. The rapid changes in global temperature seen in the top panel are due to disruptions in the

ocean’s meridional overturning circulation (Mengis et al., 2020).

Panel on Climate Change (IPCC) Sixth Assessment Report
(AR6) Summary for Policy Makers (IPCC, 2021). Under
experimental conditions imposing a 1% atmospheric CO»
increase per year, terrestrial nutrient availability limits the
capacity of terrestrial vegetation to take up carbon. Hence,
even with a rapid increase in the atmospheric CO, concen-
tration, the terrestrial vegetation carbon uptake capacity is
limited, and the uptake rates are not as high as they would
be with an unlimited amount of nutrients readily available
for uptake. The effective TCRE estimated from SSP5-8.5 re-
sulted in 1.97, 2.27, and 2.36 KEgC~! for the C-only, CN,
and CNP model versions, respectively. Overall, the TCRE
and effective TCRE were increased in the nutrient-limited
simulations. The range of increase for TCRE was 0.2 to
0.3 KEgC~!. The range of increase in the effective TCRE
was 0.3 to 0.4 KEgC~!. Figure 2 shows how terrestrial car-
bon cycle fluxes change in historical simulations. Due to
these changes, the diagnosed CO;, emissions are reduced.
Hence, for any temperature target, less CO, emissions are
required in the nutrient-limited simulations. This translates
into a more sensitive model. Therefore, for 1000 PgC emit-
ted, the nutrient limiting simulations are going to result in
higher temperatures.

3.3 Zero-emissions commitment

To analyze the impact of nutrient limitation in zero-emissions
scenarios, ZECMIP-type experiments were conducted in the
C-only, CN, and CNP model versions. Figure 3 shows the
temperature anomaly relative to the estimated temperature
at the year of cessation. The temperature pattern in the
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100 years following cessation is similar for all of the model
structures. There is an initial rise in temperature around the
20th year, a quick decline between the 35th and 40th year,
and a subsequent increase around the 70-80th year. A dif-
ference between the C-only and the CN and CNP versions is
that the C-only simulated increase is lower than the nutrient-
limited simulations. The overall ZEC value is higher in CNP
and CN than in the C-only simulation. Higher ZEC values
indicate a larger increase in the temperature after emissions
have ceased. For CN and CNP, the respective ZECs5¢ val-
ues were 0.07 and 0.09 °C, compared with 0.02 °C in the C-
only simulation. These values are similar to the ZECsq value
of 0.03 °C shown in MacDougall et al. (2020) for the same
model. The ZEC values across 100 years of simulation after
emissions have ceased show a larger difference in temper-
ature change after emission have ceased. The C-only simu-
lation resulted in 0.05 °C compared with 0.17 °C in CN and
0.21°C in CNP. This represent a relevant increase in tem-
perature after emission have ceased in the nutrient-limited
simulations.

3.4 Estimated contribution of non-CO; climate forcing
to future warming

In this section, we assess the remaining carbon budget vari-
ability between different nutrient limitation model structures
by employing eight SSP projections used in CMIP6. Further-
more, our focus is on portraying the role of N and P repre-
sentation in remaining carbon budget estimates from differ-
ent future scenarios. Figures 2—8 show the resulting remain-
ing carbon budgets for SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-
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Figure 4. Carbon budgets for the 1.5 °C target for SSP1-1.9 and SSP1-2.6. The three following model sensitivities are shown: ECS 4.5 (dark

blue), ECS 3.4 (green), and ECS 2 (orange).

7.0, SSP4-3.4, SSP4-6.0, SSP5-3.4, and SSP5-8.5. Among
these projections, not all reached the 1.5, 2, 2.5, and 3 °C
targets: SSP1-1.9 and SSP1-2.6 only reached the 1.5 °C tar-
get; SSP4-3.4 and SSP5-3.4 only reached the 2 °C target;
SSP2-4.5 reached the 2.5 °C target; and SSP3-7.0, SSP4-6.0,
and SSP5-8.5 reached the 3 °C target. The remaining car-
bon budget estimates and the SSP temperature anomalies can
be seen in more detail in the Appendix (Tables A1-A3 and
Fig. B1). Overall, the application of nutrient limitation in-
creased the TCRE and, hence, decreased the carbon budget
for all set targets. As expected, for the CN and CNP simu-
lations, P limitation reduced the remaining carbon budgets.
The mean remaining carbon budgets estimated among the
SSP simulations for ECS 3.4 (ECS 4.5-ECS 2) in the C-
only, CN, and CNP model variations for the 1.5 °C target
were 228 (31-291), 185 (25-259), and 175 (9-223) PgC,
respectively. For the 2°C target, the mean remaining car-
bon budget values were 471 (205-554), 373 (154-479), and
351 (137-402) Pg C for the C, CN, and CNP configurations,
respectively. The remaining carbon budgets for the 2.5°C
target were 719 (378-869), 591 (321-725), and 596 (315-
673) PgC for the C, CN, and CNP configurations, respec-
tively. Finally, the remaining carbon budgets for the 3 °C tar-
get were 974.4 (546-1174), 798 (460-986), and 796 (467—
920) PgC for the C, CN, and CNP configurations, respec-
tively. This represents a respective CN and CNP reduction of
19 % and 24 % for the 1.5 °C target; 21 % and 26 % for the
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2 °C target; 18 % and 17 % for the 2.5 °C target; and, finally,
18 % and 19 % for the 3 °C target compared with the C-only
configuration.

One of the impacts of nutrient limitation is the alter-
ation of land use change emissions corresponding to the re-
duction and change in vegetation. We found that the mean
land use change emission budgets among the SSP simula-
tions from the year 2020 to the 1.5 °C target in the ECS 3.4
(ECS 4.5-ECS 2) were 31 (2-39), 20 (2-40), and 13 (1-
23) PgC for the C-only, CN, and CNP configurations, re-
spectively (Fig. 9). These values corresponded to a reduc-
tion of 11.2 and 18.4PgC in CN and CNP compared with
C-only. These results demonstrate that the remaining carbon
budget is clearly sensitive to the availability of nutrients rep-
resented in SSP model simulations. As shown in Fig. 2-8,
the remaining carbon budgets vary between the SSP scenar-
ios, as temperature increases are affected by non-CO; forc-
ings, corresponding to socioeconomic global uncertainties.
Furthermore, in nutrient-limited cases, the land carbon cycle
represents an implicit uncertainty under these different so-
cioeconomic projections.

4 Discussion

In nature, N and P limitation or co-limitation is a core con-
trol on vegetation productivity. Hence, the inclusion of N and
P limitation in ESMs improves the representation of vege-
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Figure 5. Carbon budgets for the 1.5 and 2 °C targets for SSP2-4.5, SSP3-7.0, and SSP4-3.4. The three following model sensitivities are

shown: ECS 4.5 (dark blue), ECS 3.4 (green), and ECS 2 (orange).

tation productivity and biomass. For the UVic ESCM (ver-
sion 2.10), the vegetation biomass, distribution, and produc-
tivity have been addressed in De Sisto et al. (2023), whereas
the land use change emissions and albedo remained unex-
plored. In this study, land use change emissions account for
albedo changes due to plant functional type (PFT) changes
in model simulations. As the model reduces vegetation due
to nutrient limitation and trees are replaced by grasses, the
land surface albedo is increased. The replacement of trees by
grasses occurs globally in the model, as shown in De Sisto
et al. (2023). Hence, CNP and CN have a larger albedo value
than C-only for land. We have identified that a terrestrial sys-
tem which is stressed due to nutrient limitation reduces its
land use change emission budget and increases its land sur-
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face albedo. The land surface albedo increased by 0.04 in the
nutrient-limited simulations.

The terrestrial carbon cycle in nutrient-limited model
structures is usually suppressed by the capacity of primary
producers to uptake carbon, either (1) by controlling pho-
tosynthesis or (2) reducing the biomass directly by setting
maximum nutrient ratio boundaries. In this case, terrestrial N
and P act as limiting factors for terrestrial vegetation by re-
stricting the photosynthesis (N) and by reducing the biomass
given a set ratio value (N and P). N and P control biomass
directly via maximum C : N or C : P leaf ratio thresholds: the
lower the set ratio is, the higher the impact of nutrients. When
the diagnosed C : N or C : P leaf ratios are higher than the set
maximum leaf ratio, the vegetation biomass dies; thus, the
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Figure 6. Carbon budgets for the 1.5 and 2 °C targets for SSP4-6.0, SSP5-3.4, and SSP5-8.5. The three following model sensitivities are

shown: ECS 4.5 (dark blue), ECS 3.4 (green), and ECS 2 (orange).

leaf ratios then decrease back to the maximum ratio thresh-
old. Nutrient limitation is also different for various PFTs;
hence, the change in vegetation biomass is dependent on dif-
ferences in the limitations applied to each PFT. Therefore,
the application of multiple nutrient-limiting stressors, such as
N and P, should be applied carefully, as high limitation of P
can easily cause an underestimate of the land sink capacity of
tropical vegetation. A detailed description of the terrestrial N
and P uncertainties can be found in the complete description
of the model in De Sisto et al. (2023).

In the CNP model version, biomass reduction goes beyond
that in CN, as tropical regions are subjected to more limita-
tions. In the UVic ESCM (version 2.10), an overestimation
of broadleaf trees is found in the tropics. When P is mod-
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elled, the result is a substantial decrease in land use change
emissions compared with the base version of the model, lead-
ing to a substantial difference compared with Friedlingstein
et al. (2022). However, the CN configuration is still within
the range shown in Friedlingstein et al. (2022).

It is clear then that the representation of the carbon cycle in
the models’ structures affects the estimation of the remaining
carbon budgets. Permafrost thawing, for example, has been
studied for its carbon budget reduction effect in ESMs (Mac-
Dougall and Knutti, 2016; MacDougall et al., 2021). In this
study, the effect of the terrestrial carbon dynamics has a di-
rect impact on the reduction in the remaining carbon bud-
gets. The impact of N and P limitation due to a reduction
in the land carbon sink should be explicitly considered to
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Figure 7. Carbon budgets for the 2.5 and 3 °C targets for SSP3-7.0, SSP4-6.0, and SSP5-8.5. These were the only scenarios that reached the
targets. The three following model sensitivities are shown: ECS 4.5 (dark blue), ECS 3.4 (green), and ECS 2 (orange).
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Figure 9. Mean SSP carbon budgets for fossil fuel (FF) and land use change (LUC) emissions for the 1.5 °C temperature target.

be a variable that can reduce our remaining carbon budgets
for any temperature target. Furthermore, a significant number
of socioeconomic uncertainties exist in the remaining carbon
budget estimates, including the inability to predict future lev-
els of carbon dioxide emissions based on sociopolitical sys-
tem dynamics and technological advancements, such as those
represented in the different SSP scenarios. Hence, the car-
bon budgets are ultimately linked to the rate of emission and
the measures taken to mitigate carbon emissions in the future
(Matthews et al., 2020).

The IPCC AR6 (IPCC, 2021) reports remaining carbon
budget estimates from 2020 of 245, 177, 136, 108, and
82 PgC for the 1.5 °C target with a probability of 17 %, 33 %,
50 %, 67 %, and 83 %, respectively. Compared with the 50 %
probability of 136 PgC, our nutrient-limited model simula-
tions, CN (185 PgC) and CNP (175 PgC), estimated a closer
value than the C-only simulation (228 PgC). C-only tended
more toward the 17 % probability value. Hence, nutrient-
limited simulations bring the estimate from the UVic ESCM
closer to the multi-model mean.

As shown in this study, the representation of carbon pro-
cesses can affect the estimation of remaining carbon bud-
gets in ESMs. As unrepresented processes in other models,
N and P limitation reduced the estimated remaining carbon
budget in the respective CN and CNP configurations by 43
and 53 PgC for the 1.5 °C target and by 98 and 120 PgC for
the 2 °C target when compared with the C-only simulation.
These estimations are larger than the rough estimate of a
27 Pg C reduction in the carbon budget due to unrepresented
carbon feedbacks (Rojelj et al., 2018), suggesting that this
value may have been underestimated in the IPCC 1.5 °C re-
port.

The TCRE shows that N and P limitation has a direct effect
on the temperature-to-carbon emission proportionality. Nu-
trient limitation impacts the carbon fluxes, reducing the land
carbon sink and increasing the ocean carbon sink, ultimately
leading to a net decrease in carbon uptake from the land
and ocean. In emission-driven simulations, this will lead to a
high build-up of atmospheric CO,. However, it is clear that a
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deeper understanding of the nutrient distribution is necessary
to build even more reliable nutrient-limited models. Effort
should be directed towards the creation of reliable data, in-
cluding data on the global nutrient distribution; global nutri-
ent inputs; and future fertilization projections encompassing
agriculture and human waste load into terrestrial, riverine,
and aquatic systems.

In ESMs, nutrient simulations could be improved via the
inclusion of further global observations. The current avail-
able data have large ranges and make it difficult to assess
the reliability of the nutrient values given by ESM simula-
tions. Theses uncertainties are present in most aspects of the
global N and P cycles. Hence, it is hard to grasp how accurate
our model outputs are in comparison with nature. This is es-
pecially true for P, which lacks more observational datasets
compared with N. Despite the uncertainty rooted in N and
P models and projections, it is clear that nutrient limitation
reduces the remaining carbon budgets by constraining the
vegetation capacity in terrestrial ecosystems. Our results only
show the effect of nutrient limitation in one model structure.
The response of Earth system models to nutrient limitation
varies amongst models depending on how terrestrial N and
P limitations are applied. Furthermore, although we may cap-
ture some of the range shown in other models by varying the
ECS, the full range of structural uncertainty is not captured
by our experimental design.

The inclusion of P in ESMs and the benefits of CNP mod-
els have been shown to improve the accuracy of the terrestrial
carbon cycle (Wang et al., 2010; Goll et al., 2017; De Sisto
et al., 2023). However, the necessity to include P in mod-
els’ structures is debatable. If the objective is to improve the
carbon cycle accuracy, the inclusion of P is advisable due
to its limiting role in tropical regions. From a carbon bud-
get estimation point of view, we observed similar results for
the CN and CNP configurations. Overall, our results show
that remaining carbon budgets estimated in CNP simulations
were lower than those in CN configurations. SSP projections
where this was not the case match those scenarios represent-
ing a medium to high implicit land use regulation. Hence,
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one of the main differences between CN and CNP models
is how the model responds to land use change management
in different future projection scenarios. The inclusion of P in
ESMs has been shown to improve the terrestrial model per-
formance; hence, we believe that the addition of P limitation
should be considered in the development plans of different
model working groups.

5 Conclusion

Remaining carbon budgets are crucial for climate policy and
management. As the remaining carbon budgets are intrinsi-
cally linked to the TCRE and the dynamics of the global car-
bon budget, it is important to consider the uncertainties that
nutrient limitations impose on our terrestrial model struc-
tures. In this study, we found that nutrient limitation, in this
case N and P limitation, had a considerable effect on the re-
maining carbon budget estimates. Historically, N and P lim-
itation reduced the land carbon sink and land use change
emissions. The range of reduction in the land carbon sink
was 75 to 106 PgC, while the range of reduction in the land
use change emissions was 60 to 93 PgC. Overall, under the
SSP projections, N and P reduced the remaining carbon bud-
get estimates for the 1.5, 2, 2.5, and 3 °C targets. The re-
spective CN and CNP model versions showed a reduction
of 43 and 53 PgC for the 1.5 °C target and 98 and 120PgC
for the 2 °C target when compared with the C-only configu-
ration. Theses values represent a reduction of 19 % and 24 %
for the 1.5 °C target and 21 % and 26 % for the 2 °C target
for CN and CNP, respectively. After emissions had ceased,
N and P had a relevant impact on the temperature change:
the ZEC across 100 years of simulation after emissions had
ceased showed a 0.12 and 0.16 °C increase in temperature for
the CN and CNP nutrient-limited simulations, respectively,
when compared to C-only. The uncertainty in the magnitude
of the reduction in the remaining carbon budget due to nutri-
ent limitation would be more clear if a multi-model assess-
ment was conducted. Overall, we assess that accounting for
nutrient limitations would lead to a substantial reduction in
the estimated remaining carbon budget.
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Appendix A

Table Al. Remaining carbon budgets from the SSP2-4.5, SSP3-7.0, and SSP4-3.4 simulations for the 1.5 and 2 °C targets relative to a
warming from 1850 to 1900.

SSP scenario  Target  Climate sensitivity C-only (PgC) CN (PgC) CNP (PgC)

SSP1-1.9 1.5°C 45 20 22 8
SSP1-1.9 1.5°C 34 163 110 108
SSP1-1.9 1.5°C 2 Not reached Not reached  Not reached
SSP1-2.6 1.5°C 45 21 27 9
SSP1-2.6 1.5°C 34 173 142 137
SSP1-2.6 1.5°C 2 332 235 167
SSP2-4.5 1.5°C 45 21 37 9
SSP2-4.5 1.5°C 3.4 189 161 144
SSP2-4.5 1.5°C 2 231 231 208
SSP2-4.5 2°C 45 197 191 144
SSP2-4.5 2°C 34 397 325 288
SSP2-4.5 2°C 2 516 433 406
SSP3-7.0 1.5°C 45 23 19 9
SSP3-7.0 1.5°C 3.4 204 189 170
SSP3-7.0 1.5°C 2 255 244 184
SSP3-7.0 2°C 45 220 155 161
SSP3-7.0 2°C 34 435 359 343
SSP3-7.0 2°C 2 532 473 416
SSP4-3.4 1.5°C 45 22 9 -9
SSP4-3.4 1.5°C 3.4 168 141 150
SSP4-3.4 1.5°C 2 226 190 178
SSP4-3.4 2°C 45 174 119 125
SSP4-3.4 2°C 3.4 324 233 250
SSP4-3.4 2°C 2 Not reached Not reached  Not reached
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Table A2. Remaining carbon budgets from the SSP4-6.0, SSP5-3.4, and SSP5-8.5 simulations for the 1.5 and 2 °C targets relative to a

warming from 1850 to 1900.

SSP scenario  Target Climate sensitivity C-only (PgC) CN (PgC) CNP (PgC)
SSP4-6.0 1.5°C 45 32 8 10
SSP4-6.0 1.5°C 34 194 177 157
SSP4-6.0 1.5°C 2 238 236 215
SSP4-6.0 2°C 45 174 119 125
SSP4-6.0 2°C 34 324 233 250
SSP4-6.0 2°C 2 Not reached Not reached  Not reached
SSP5-3.4 1.5°C 45 25 12 10
SSP5-3.4 1.5°C 34 219 189 204
SSP5-3.4 1.5°C 2 255 251 236
SSP5-3.4 2°C 4.5 238 169 174
SSP5-3.4 2°C 34 509 359 378
SSP5-3.4 2°C 2 1129 800 785
SSP5-8.5 1.5°C 45 22 52 12
SSP5-8.5 1.5°C 34 211 199 198
SSP5-8.5 1.5°C 2 270 264 210
SSP5-8.5 2°C 45 233 232 183
SSP5-8.5 2°C 34 446 380 403
SSP5-8.5 2°C 2 570 504 446

Table A3. Remaining carbon budgets from the SSP-2.45, SSP3-7.0, SSP4-6.0, and SSP5-8.5 simulations for the 2.5 and 3 °C targets relative

to a warming from 1850 to 1900.

SSP scenario  Target  Climate sensitivity C-only (PgC) CN (PgC) CNP (PgC)
SSP2-4.5 2.5°C 45 373 321 282
SSP2-4.5 2.5°C 34 721 567 584
SSP2-4.5 2.5°C 2 Not reached Not reached  Not reached
SSP3-7.0 2.5°C 4.5 405 303 325
SSP3-7.0 2.5°C 3.4 722 616 591
SSP3-7.0 2.5°C 2 830 714 676
SSP3-7.0 3°C 4.5 580 444 490
SSP3-7.0 3°C 3.4 967 820 816
SSP3-7.0 3°C 2 1118 939 942
SSP4-6.0 2.5°C 4.5 380 271 303
SSP4-6.0 2.5°C 34 670 528 542
SSP4-6.0 2.5°C 2 830 658 601
SSP4-6.0 3°C 4.5 545 391 454
SSP4-6.0 3°C 3.4 756 703 717
SSP4-6.0 3°C 2 Not reached Not reached  Not reached
SSP5-8.5 2.5°C 3.4 437 398 356
SSP5-8.5 2.5°C 34 742 648 658
SSP5-8.5 2.5°C 2 900 809 742
SSP5-8.5 3°C 45 615 552 521
SSP5-8.5 3°C 3.4 1037 875 918
SSP5-8.5 3°C 2 1260 1093 1080
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Appendix B: Temperature anomalies of the SSP
simulations for C-only, CN, and CNP
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Figure B1. The SSP temperature anomalies relative to 1850—1900 for the C-only, CN, and CNP simulations.
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Appendix C: Above-ground terrestrial vegetation
biomass

Figure C1 shows the above-ground vegetation representa-
tion in the UVic ESCM (version 2.10) with terrestrial N
and P limitation. The main differences are shown to be lo-
cated in tropical regions. The model both underestimates
(forests in the Amazon, Borneo, and Indonesia) and over-
estimates (forests in Brazil, Venezuela, Colombia, Central
America, sub-Saharan Africa, and part of Southeast Asia)
above-ground vegetation biomass in tropical regions, in com-
parison with Santoro et al. (2024). However, the values esti-
mated by the model with and without nutrients are shown
to be within the range of uncertainty of literature values
(Mengis et al., 2020; De Sisto et al., 2023).

-20 -15 -10 -5 0 5 10 15 20
Vegetation biomass difference (kg m~=2)

Figure C1. Above-ground vegetation biomass difference between the UVic ESCM CNP (version 2.10) and Santoro et al. (2024) ESA CCI
Biomass product datasets for the years 2017-2018.
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Code and data availability. The current version of the model is
available from the project website: http://terra.seos.uvic.ca/model/
2.10/ (last access: 2 February 2023). The exact version of the
model used to produce the results used in this paper is archived at
https://doi.org/10.5683/SP3/GXYZKU (De Sisto, 2022).
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