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Abstract. A growing body of evidence suggests that to
achieve the temperature goals of the Paris Agreement, carbon
dioxide removal (CDR) will likely be required in addition to
massive carbon dioxide (CO2) emissions reductions. Nature-
based CDR, which includes a range of strategies to enhance
carbon storage in natural and managed land reservoirs, such
as agricultural lands, could play an important role in efforts
to limit climate warming to well below 2 °C above preindus-
trial levels. However, there remains a substantial knowledge
gap on how the climate will respond to CDR when the re-
moved carbon remains in the active carbon cycle. This study
uses an intermediate-complexity climate model to perform
simulations of agricultural CDR via soil carbon sequestration
at rates reflecting realistic costs under three future emissions
scenarios. We found that plausible levels of agricultural CDR
reduced CO2 concentration by 5–19 ppm and global surface
air temperature by 0.02–0.10 °C by the end of the century.
This temperature decrease was non-linear with respect to cu-
mulative removals, as the removed carbon remained part of
the active carbon cycle, lessening the climate benefit than if
it was removed permanently. In low-emissions scenarios, a
given amount of CDR was found to be more effective at re-
ducing surface air temperature and less effective at reduc-
ing atmospheric CO2, compared to high-emissions scenar-
ios. This was due to a proportionally larger impact of CDR
on radiative balance at lower atmospheric CO2 and reduced
weakening of the carbon sinks at lower atmospheric CO2.
CDR was substantially more effective when implemented at
a higher rate, as CDR results in a proportionally larger differ-
ence in a climate with lower cumulative air fraction of CO2.
Land and soil carbon responses were driven by the scenario-
dependent balances between the impacts of CDR on primary
productivity from CO2 fertilization and the impacts on soil

respiration from increased soil carbon availability and global
temperatures.

1 Introduction

To meet the goals of the Paris Agreement and limit warm-
ing to 2 °C above the preindustrial temperature, there must
be a massive reduction in carbon dioxide (CO2) emissions as
well as the implementation of carbon dioxide removal (CDR)
from the atmosphere (Rogeli et al., 2021; Huang and Zhai,
2021). Nature-based climate solutions (NbCSs) are methods
of CDR which enhance carbon storage beyond its natural
level in natural and managed ecosystems, such as agricultural
lands. Recent research has shown that soil carbon sequestra-
tion in croplands and pasturelands has the technical poten-
tial to sequester 0.38–9.34 GtCO2eqyr−1 between 2020 and
2050 (Roe et al., 2019). However, little is known about the
transient climate response to removal when the sequestered
carbon is not permanently removed but instead remains part
of the active carbon cycle. Furthermore, little is quantified
about the impact agricultural CDR could have on the climate
under different warming scenarios, particularly with respect
to global temperature, carbon storage in soil and vegetation,
and carbon fluxes.

Agriculture offers large-scale CDR in the near term using
technologies that already exist, which collectively could be
a substantial contribution to long-term global negative emis-
sions in the future (Paustian et al., 2019). Enhancing soil car-
bon storage, through protecting existing carbon pools and re-
building depleted ones, has the potential to provide over a
quarter of the nature-based CDR required to keep climate
warming below 2 °C above preindustrial levels (Bossio et
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al., 2020). Regional empirical studies and modeling stud-
ies on specific components of agricultural CDR, such as
biochar, agroforestry, nutrient management, and other man-
agement strategies, have shown promising results with re-
spect to carbon sequestration and retention potential (ur
Rehman et al., 2023; Tan and Kuebbing, 2023; Mason et
al., 2023; Kumara et al., 2023; Wiltshire and Beckage, 2023;
Chen et al., 2023; Lefebvre et al., 2024). For example, Chen
et al. (2023) showed that increased soil carbon sequestra-
tion due to compost application in China alone could ac-
count for 0.31 GtCO2eqyr−1 of removal by 2060. Lefeb-
vre et al. (2024) found the application of biochar across the
746 000 ha of agricultural land in British Columbia removed
2.5 MtCO2eq during a simulated 20-year span.

Collectively the components of agricultural CDR have
been estimated to have a mitigation potential of 3.0–
8.5 GtCO2eqyr−1 by 2050, accounting for constraints for
food security and biodiversity (Griscom et al., 2017; Brack
and King, 2021; Nabuurs and Coauthors, 2022; Smith et al.,
2013; Paustian et al., 2019). This range is based on the es-
timated costs of implementation, with 3.0 GtCO2eqyr−1 be-
ing possible for under USD 100 per tCO2eqyr−1 and up to
8.5 GtCO2eqyr−1 achievable for higher costs using frontier
technologies (Griscom et al., 2017; Brack and King, 2021).
The Intergovernmental Panel on Climate Change Sixth As-
sessment Report estimates that a mitigation potential of
4.1± 1.6 GtCO2eq yr−1 by 2050 is likely possible for agri-
cultural CDR (Nabuurs and Coauthors, 2022). Therefore,
agricultural CDR of 3.0, 4.1, and 8.5 GtCO2eqyr−1 by 2050
represents a range of possible sequestration rates through
low-, moderate-, and high-cost removal strategies and will
encompass much of the analysis in this study.

Many previous modeling studies on the response of the
climate to emissions have found that the relationship be-
tween cumulative emissions and temperature change is ap-
proximately linear and path independent (Matthews et al.,
2009; Allen et al., 2009). This linear relationship has also
been found to be true in reverse for permanent removal,
in which temperature decreases approximately linearly per
unit of cumulative CDR, provided the climate system was
in equilibrium before the CDR was applied (Zickfeld et al.,
2016, 2021). In these studies, removal was achieved through
permanent or geological removal, where the sequestered car-
bon is removed from the active carbon cycle entirely and
thus no longer interacts with the atmosphere. However, there
remains a research gap on how this relationship differs for
nature-based CDR. In nature-based CDR, such as via agri-
culture, the sequestered carbon is only temporarily removed
from the atmosphere and stored with residence times of
months to decades. It thus continues to actively cycle with the
atmosphere, suggesting that the relationship between cumu-
lative removal and temperature will be non-linear as some of
the removed carbon returns to the atmosphere. Furthermore,
the capacity of natural systems such as soil to temporarily
store carbon is affected by climate change itself (Keller et

al., 2018; Seddon et al., 2020; Canadell et al., 2023; Nabuurs
and Coauthors, 2022; Tao et al., 2023), suggesting that the re-
lationship between cumulative removal and temperature will
be path dependent.

This study aims to explore these relationships using a sim-
ilar approach to that of Matthews et al. (2022). Matthews et
al. (2022) simulated reforestation as a NbCS using the same
intermediate-complexity climate model and emissions path-
ways as those used in this study. In their study, nature-based
carbon sequestration was achieved through temporarily ex-
panding and then contracting forest area at varying rates in
order to reach net-zero CO2 emissions by 2056. They ex-
plored the impact that temporary removal has on temperature
when the sequestered carbon is slowly returned to the atmo-
sphere after having reached its theoretical maximum mitiga-
tion potential. They found nature-based CDR was effective at
delaying warming, and if implemented alongside aggressive
emissions reductions it could decrease peak warming by up
to 0.07 °C. They further determined that long-term warming
was only decreased if some of the enhanced carbon storage
was permanent. This raises questions about the mathemat-
ical relationship between cumulative removal and tempera-
ture change when the carbon storage is not permanent.

While agricultural CDR has potential as a NbCS, there is a
substantial knowledge gap on how the climate system will re-
spond to the removal, given that it is not permanent. We aim
to assess the relationship between agricultural nature-based
cumulative removal and the response of atmospheric temper-
ature and CO2 concentration, as well as how that relation-
ship differs from that for permanent removal. Additionally,
we will explore the impacts of agricultural CDR on carbon
fluxes and storage in the land, soil, and vegetation carbon
pools. To address these questions, we will perform simula-
tions in an intermediate-complexity model – the University
of Victoria Earth System Climate Model – from the years
2000 to 2100, prescribing a flux of carbon from the atmo-
sphere into soil in agricultural lands across the globe. This
flux will be applied at different rates, aimed at reflecting the
realistic costs of implementation of agricultural CDR. We ex-
pect the improved understanding of the responses of the land
carbon pools and the atmosphere to agricultural CDR to con-
tribute to a better understanding of nature-based solutions to
climate change in general.

2 Methodology

To explore the impacts of agricultural CDR on the global cli-
mate, this study uses simulations designed to represent real-
istically possible CDR from agriculture in an intermediate-
complexity global climate model. The simulations were per-
formed using the University of Victoria Earth System Cli-
mate Model (UVic ESCM) version 2.10.
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2.1 Model description

The UVic ESCM is an intermediate-complexity global cli-
mate model, capable of simulating Earth’s climate for long
timescales at a lower computational cost, making it suit-
able for multi-century climate processes such as carbon cy-
cle feedbacks (Weaver et al., 2001; Eby et al., 2009; Mengis
et al., 2020). The UVic ESCM is one of the more complex
of the intermediate-complexity models, owing to its mod-
erately high horizontal resolution in all model components
(3.6°× 1.8°), presence of sea ice with rheology, fully cou-
pled ocean model, and sediment processes. It has the same
level of complexity of a general circulation model with the
exception of the model atmosphere, which is heavily simpli-
fied to enhance computational efficiency, thus rendering it an
intermediate-complexity model. The current model version,
2.10, performs well with regards to changes in historical tem-
perature and carbon fluxes (Mengis et al., 2020). Published
biases in the UVic ESCM version 2.10 include vegetation
density in the tropics that is too large, changes in ocean heat
content that are too large, and oxygen utilization in the South-
ern Ocean that is too low (Mengis et al., 2020).

The atmospheric component of the UVic ESCM is a
two-dimensional energy–moisture balance model using ther-
modynamics instead of dynamics, parameterizing atmo-
spheric heat and moisture transport with diffusion (Fanning
and Weaver, 1996). Wind velocity is prescribed based on
NCEP/NCAR reanalysis data for monthly climatology (Eby
et al., 2013). Using the prescribed wind fields, moisture, mo-
mentum, and heat fluxes are calculated in the model. Tran-
sient wind velocities are calculated based on anomalous sur-
face pressure, caused by anomalies in surface temperature
relative to the preindustrial state (Weaver et al., 2001). The
model does not simulate clouds but instead produces rain or
snow when relative humidity reaches 85 %.

The oceanic component of the UVic ESCM is Modular
Ocean Model 2 (MOM2), a fully three-dimensional ocean
general circulation model consisting of 19 vertical levels,
varying in vertical resolution from 50 m near the surface to
500 m at depth (Bitz et al., 2001). The sea-ice component is
a dynamical and thermodynamical model that is coupled to
the ocean model and atmosphere model.

The land component of the model contains an elaborate
representation of the carbon cycle. The land component is
made up of a surface model, which is a simplified version
of the Met Office Surface Exchange Scheme (MOSES), cou-
pled to the vegetation model Top-down Representation of In-
teractive Foliage and Flora Including Dynamics (TRIFFID)
(Meissner et al., 2003). Carbon fluxes are calculated in the
MOSES model, which then modifies the land, soil, and veg-
etation carbon pools (Matthews et al., 2004). TRIFFID sim-
ulates the soil carbon and coverage of five plant functional
types (PFTs): broadleaf tree, needleleaf tree, C3 grasses (cool
season frost tolerant grasses), C4 grasses (warm season), and
shrubs. In the TRIFFID model, agricultural crops are treated

as C3 grasses. The PFTs space competition routine is based
on the Lotka–Volterra equations (Cox, 2001; Meissner et al.,
2003). In the UVic ESCM most recent update (2.10), one ma-
jor improvement was to soil carbon and hydrology (Mengis
et al., 2020).

2.2 Simulation design

The UVic ESCM was spun up for 10 000 years with atmo-
spheric CO2 levels prescribed at 285 ppm, corresponding to
the year 1850. The model was then run from 1850–2020 us-
ing historical emissions and then run under three Shared So-
cioeconomic Pathway (SSP) marker scenarios from 2020–
2100 using projected emissions (Riahi et al., 2017; Mein-
shausen et al., 2020).

The historical emissions and SSPs used here are shown in
Fig. 1. They describe potential pathways in which the global
societal and economic structure will change in the coming
century and are used to derive corresponding greenhouse gas
emissions based on policies. Under SSP1, future socioeco-
nomic development would be highly sustainable, leading to
net-negative CO2 emissions by 2055 (Riahi et al., 2017).
Under SSP2, future conditions are similar to those of to-
day, with slow progress and regional rivalry inhibiting sus-
tainable development. Under SSP5, socioeconomic develop-
ment exploits fossil fuels, accelerating CO2 emissions to over
120 GtCO2 yr−1 by 2100. For each SSP marker scenario,
the radiative forcing by 2100 is 1.9, 4.5, and 8.5 Wm−2 re-
spectively. SSP1-1.9 and SSP2-4.5 represent the most likely
range of scenarios for global development. The data used
here were taken from the International Institute for Applied
System Analysis SSP database version 2.0 (Riahi et al., 2017;
Meinshausen et al., 2020), which compiles historical emis-
sions inventories (Velders et al., 2015; van Marle et al., 2017;
Hoesly et al., 2018; Gütschow et al., 2016; Carpenter et al.,
2014; Miller et al., 2014), and the future emissions from the
SSP1-1.9 marker scenario (van Vuuren et al., 2017), SSP2-
4.5 marker scenario (Fricko et al., 2017), and SSP5 baseline
marker scenario (Kriegler et al., 2017).

For each of the three SSPs (SSP1, SSP2, and SSP5), four
simulations were performed in this study: one with no ad-
ditional agricultural CDR (control), one with agricultural
CDR that can be achieved for low costs (3.0 GtCO2 yr−1

globally by 2050), one with moderate agricultural CDR
(4.1 GtCO2 yr−1 by 2050), and one with agricultural CDR
that can be achieved for high costs (8.5 GtCO2 yr−1 by
2050). These will hereafter be referred to as no, low, moder-
ate, and high removal. Thus there are a total of 12 simulations
in this study.

The agricultural CDR was achieved by prescribing an
atmosphere-to-soil carbon flux in agricultural areas. This flux
was defined to be in addition to the existing model geochem-
ical fluxes that affect soil carbon: gross primary productiv-
ity, soil respiration, and litter flux. Thus any responses of
these three fluxes to CDR are a legitimate biogeochemical re-
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Figure 1. The three Shared Socioeconomic Pathways (SSPs) used
in this study and historical CO2 emissions. The SSP data are from
2015–2100 (Meinshausen et al., 2020). SSP1-1.9 is from the IM-
AGE integrated assessment model, SSP2-4.5 from MESSAGE-
GLOBIOM, and SSP5-8.5 from REMIND-MAGPIE. Historical
emissions were taken from the Carbon Dioxide Information Analy-
sis Center.

sponse and were not externally prescribed. The atmosphere-
to-soil carbon flux is a simplified flux that was derived by
summing the mitigation potentials of each component of
agricultural CDR, such as biochar and nutrient management,
among others. This choice was made on the basis that some
of the components of the CDR cannot presently be modeled
individually in the UVic ESCM, such as pyrogenic carbon
storage from biochar and human activities in agriculture. The
simple atmosphere-to-soil carbon flux varies according to the
area of agricultural land in the grid cell. While some compo-
nents of agricultural CDR are more effective in some regions
than others, this was not incorporated into the spatial vari-
ability of the prescribed flux in this study. This choice was
made because many of the components of agricultural CDR
have geographically sparse data available concerning their
efficacy and would require scientifically dubious interpola-
tion.

The prescribed agricultural atmosphere-to-soil CDR flux
was weighted by the fractional area of agriculture in the
cell, which is shown in Fig. 2. The agricultural area fraction
was not prescribed to change after 2020. The global total of
the flux was prescribed to be time varying, increasing lin-
early from 0.0 GtCO2 yr−1 at the year 2020 to 3.0, 4.1, or
8.5 GtCO2 yr−1 by 2050, after which the CDR was held con-
stant as shown in Fig. 2. At each model numerical integra-
tion step, at the computational stage when net atmosphere–
soil carbon flux is calculated (which is the simple sum of net
primary productivity, leaf litter flux, and soil respiration) an
additional flux term was added to represent the spatiotempo-
rally varying agricultural CDR atmosphere-to-soil flux. The
magnitude of this flux was calculated based on the duration

of the model time step and the annual flux for that model time
step in Fig. 2 and also weighted based on geographic location
as outlined above.

3 Results and discussion

3.1 CDR impact on atmospheric CO2 concentration
and temperature

Realistically possible agricultural CDR was found in this
study to have a tangible impact on CO2 concentration and
global surface air temperature (SAT) above the preindustrial
value. As shown in Fig. 3, by the end of the century (EOC),
in the low-removal scenarios, global SAT decreased by 0.02–
0.04 °C and CO2 decreased by 5–7 ppm, whereas high re-
moval resulted in cooling between 0.06–0.1 °C and CO2 de-
cline by 14–19 ppm. This shows that while the impact on
global SAT is not enormous, the response of the climate to
agricultural CDR is scenario dependent, so the same amount
of removal in one scenario does not yield the same CO2
decrease or temperature decrease as another scenario even
though the simulations were initiated from the same transient
state.

3.2 Change in surface air temperature and CO2
concentration per unit of CDR

To explore the effectiveness of CDR, this study used an adap-
tation of the transient climate response to emissions known as
the transient climate response to removal (TCRR) (Matthews
et al., 2009; Zickfeld et al., 2021). TCRR is defined as the
change in SAT over a given period (in this case 2020–2100)
divided by the cumulative CO2 removed in that time. The
TCRR for this study is shown in Fig. 4a, and the response of
atmospheric CO2 to cumulative removal is shown in Fig. 4b.

This study found that the TCRR from agriculture is
strongly non-linear, with the SAT decrease substantially
slowing as removal continues, and is also strongly depen-
dent on the SSP scenario and rate of CDR (Fig. 4a). For
the higher-emissions scenario (SSP5), a given amount of
CDR produced less of a temperature benefit than it did for
the lower-emissions scenarios (SSP1 and SSP2). For all sce-
narios, the CDR was less effective at reducing SAT when
the CDR was implemented at a lower rate. For example,
for SSP5, 50 Gt C of CDR yields a temperature decrease of
0.2 °C when implemented at the lowest rate and 0.4 °C for
the highest rate.

The response in atmospheric CO2 due to cumulative agri-
cultural CDR was also found to be non-linear, with the CDR
becoming less effective at decreasing CO2 as removal contin-
ues (Fig. 4b). The CO2 benefit was also found to be weaker
when CDR was implemented at lower rates. However, unlike
for SAT, the CO2 benefit from CDR was found to be higher in
the high-emissions scenario than the lower-emissions ones.
Thus for any given amount of CDR, the CO2 benefit from
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Figure 2. The upper plot (a) shows the agricultural area fraction between 2010–2020, which was used to prescribe the locations of the CDR
and amount of CDR per grid square. The lower plots (b, c) show the annual and cumulative prescribed global agricultural CDR for the
low-removal (3.0 GtCO2 yr−1 by 2050), moderate-removal (4.5 GtCO2 yr−1), and high-removal (8.5 GtCO2 yr−1) scenarios. Cumulative
total removal by 2100 is 196.5, 268.6, and 556.8 GtCO2 in the low-, moderate-, and high-removal scenarios respectively. The long-dashed,
short-dashed, and dotted lines will hereafter be used to represent the low-, moderate-, and high-removal scenarios respectively.

CDR is weaker and the SAT benefit is stronger in SSP1 than
in SSP5.

3.2.1 Non-linearity of the TCRR (SAT) and CO2

The deviation of TCRR from linearity is significant. Previ-
ous studies have shown that for geological CDR, in which

carbon is permanently removed from the active carbon cycle,
the TCRR is linear and only deviates from linearity when the
initial climate state in which CDR is applied is not in equilib-
rium (Jones et al., 2016; Zickfeld et al., 2016, 2021). Further-
more, the TCRR in these studies was not scenario dependent
and instead only depended on the quantity of the cumulative

https://doi.org/10.5194/bg-22-1969-2025 Biogeosciences, 22, 1969–1984, 2025



1974 R. C. Evans and H. D. Matthews: Effectiveness of agricultural carbon dioxide removal

Figure 3. The upper line plots (a, b) show the CO2 concentration (a) and surface air temperature (b) with time. The lower bar charts (c, d)
show the end-of-century (EOC) CO2 concentrations and surface air temperature in each simulation.

removal. However, the results shown here illustrate that for
nature-based CDR, in which the carbon is not permanently
removed but instead remains part of the active carbon cycle,
the decline in SAT with CDR is non-linear and slows with
increasing CDR.

For agricultural CDR and indeed nature-based CDR more
generally, more carbon is being stored in natural systems,
in this case soil, but this carbon remains part of the active
carbon cycle. As a result, some of the removed carbon is re-
turned to the atmosphere via soil respiration, meaning that
per unit of CDR there is less of a cooling effect than if the
carbon was removed entirely. Thus with more CDR and more
respiration, this effect is saturated so CDR becomes less ef-
fective at reducing SAT because the carbon is more actively
cycling. While the TCRR from gross CDR is non-linear, it is
possible that the TCRR from net-CDR is linear, although it
was not possible to accurately quantify this for this study.

As for CO2, the deviation from linearity occurs for the
same reason, where the removed carbon remains in the active
carbon cycle, continuing to respire back into the atmosphere,
so per unit of CDR there is less of a CO2 decline than if
the carbon was removed entirely. However, if the only factor
affecting CO2 and SAT was that carbon is not being perma-
nently removed, we would expect the SAT benefit and CO2
benefit to mirror each other for any given scenario. That is, if
the CO2 benefit is weaker for SSP1 than SSP5, the SAT ben-

efit would also be weaker in SSP1 than SSP5. This implies
the importance of path-dependent additional effects, such as
impacts on radiative balance, and different responses the land
carbon pools.

3.2.2 Path dependence of the TCRR (SAT) and CO2

The scenario dependence of the TCRR and CO2 benefit in
this study is also a significant result, as it differs strongly
from previous studies on geological CDR in which the TCRR
is linear and path independent. The SAT benefit of CDR
deviates from linearity much more strongly for the higher-
emissions scenario (SSP5) than the lower-emissions scenar-
ios (SSP1 and SSP2), while for CO2 the opposite is true,
where the CO2 benefit is closer to being linear for SSP5 than
SSP1.

For agricultural CDR, the prescribed additional carbon
flux into the soil is partitioned by the UVic ESCM’s land
model into additional carbon retained in the soil, additional
carbon uptake by vegetation, and carbon returned to the at-
mosphere via soil respiration. The capacity of soil, vege-
tation, and the atmosphere to store carbon is strongly de-
pendent on the climate, as is the interchange between those
pools. Climate change directly and indirectly impacts the
biogeochemical processes that determine the strength of the
ocean and land carbon sinks. These impacts vary depending
on the emissions scenario; thus the fraction of emitted CO2
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Figure 4. Transient climate response to removal plots. The upper-
most plot (a) shows the global average surface air temperature re-
sponse (CDR scenario minus no-CDR scenario) to cumulative re-
moval. The bottom plot (b) shows the global CO2 concentration
response to cumulative removal.

that remains in the atmosphere is scenario dependent. This
feedback can then amplify or weaken climate change through
altering the global radiative balance.

High concentrations of CO2 in the atmosphere cause cu-
mulative ocean CO2 uptake to be reduced due to the weak-
ening of the buffering capacity of the ocean (Katavouta et
al., 2018). The warming of the ocean also reduces its ability
to dissolve CO2, reducing ocean uptake further (Mathesius
et al., 2015). Land carbon feedbacks are also strongly sce-
nario dependent. Under high-emissions scenarios, heat stress
on vegetation, increased stomatal conductance and CO2 fer-
tilization, heat-induced increases in soil respiration, and per-
mafrost carbon feedbacks together act to weaken the strength
of the land sink relative to the amount of CO2 emitted (Far-
quhar and Sharkey, 1982; King et al., 2004; Canadell et al.,
2023; Jones et al., 2016). Together these mean that in a fu-
ture with high emissions, the fraction of anthropogenic CO2
that is absorbed by the land and ocean sinks will be signifi-

cantly smaller than today; thus the cumulative airborne frac-
tion of CO2 is expected to be much larger than that under
a low-emissions scenario. This will drive a strengthening of
the carbon cycle at higher emissions. To a first order, this is
reversible where negative emissions (removal) have a pro-
portionally larger impact on atmospheric carbon storage in a
high-CO2 climate as shown in Fig. 5.

In Fig. 5, the bars show the EOC difference between the
amount of carbon stored in the CDR minus no-CDR sce-
narios for each of the land, ocean, and atmosphere pools.
The percentages in each bar were computed as 100×
|1Cstored−i |/

∑
Cremoved, where |1Cstored| is the absolute

value at the EOC of the carbon stored in each pool, i, in the
CDR minus the no-CDR scenario, and

∑
Cremoved is the cu-

mulative total of CDR by the EOC. For all SSP and CDR sce-
narios, the percentage of removed carbon that is retained in
the land pool is around 1/3, which will be discussed further
in Sect. 3.3. For all scenarios, there is an increase in land car-
bon due to CDR and a corresponding decrease in the amount
of carbon stored in the ocean and atmosphere. For SSP1, the
decrease in carbon stored in the ocean is around 10 % of the
total EOC CDR, while for the atmosphere the decrease is
20 % of the CDR. For SSP5, the decrease in the ocean pool is
proportionally much smaller at only 5 %, while the decrease
in the atmosphere carbon pool is much higher at 31 %. So for
a given amount of CDR by the EOC, only 20 % of this will
be removed from the atmosphere pool in SSP1, but 31 % will
be removed from the same pool in SSP5. This demonstrates
that to a first order, a given amount of CDR will have a pro-
portionally larger impact on the atmosphere carbon pool in
a climate with high CO2, even though the land carbon reten-
tion is approximately the same. For this reason, the lines for
SSP1 in Fig. 4b deviate more strongly from linearity than the
lines for SSP5, as any given amount of CDR is less effective
at inducing CO2 drawdown in a lower-emissions scenario.

Since the relationship between changes in atmospheric
CO2 and radiative forcing is logarithmic, at very high CO2
concentrations such as in SSP5, a drop in atmospheric CO2
due to CDR would have very little impact on radiative bal-
ance and therefore temperature (Matthews et al., 2009). For
SSP1, atmospheric CO2 concentration is lower; thus by the
logarithmic relationship, CDR has a larger impact on radia-
tive balance and therefore temperature. For this reason, the
SAT benefit from CDR is higher for SSP1 than for SSP5.

3.2.3 CDR rate dependence of the TCRR (SAT) and
CO2

For both SAT and CO2, the response to cumulative CDR is
weaker at lower rates of removal. For example, for SSP1,
50 Gt C of removal yields a temperature decrease of under
0.04 °C when CDR is implemented at a low rate and 0.05 °C
for a high rate. CO2 concentration shows a similar pattern,
with a decrease of 5 ppm after 50 Gt C removed in SSP1 and
10 ppm for the same cumulative removal but at a higher rate.

https://doi.org/10.5194/bg-22-1969-2025 Biogeosciences, 22, 1969–1984, 2025



1976 R. C. Evans and H. D. Matthews: Effectiveness of agricultural carbon dioxide removal

Figure 5. The difference at the end of the century between the amount of carbon stored in the CDR minus no-CDR scenario for each of the
land, ocean, and atmosphere pools. The percentages in each bar show the absolute value of the proportion of removed carbon retained in
each pool.

The rate of CDR dictates the year in which a given amount of
cumulative removal is achieved, and therefore responses of
SAT and CO2 must be interpreted in the context of the back-
ground state of the climate at that time. For example, 50 Gt C
of cumulative removal is reached around the EOC for the low
removal rate but before 2055 for the high removal rate. The
background states of the climate for all SSPs between 2055
and 2100 are very different. For SSP5, atmospheric CO2 con-
centration at 2055 is around half of the value at 2100. There-
fore, when CDR is implemented at a high rate, any given cu-
mulative removal will be reached sooner and the background
state of the climate will be cooler, so the CDR will have a
larger impact on radiative balance and thus a larger impact
on SAT. For this reason, for the same amount of cumulative
removal, the CDR is more effective at reducing SAT if it is
implemented at a higher rate as it has a stronger feedback on
global radiative balance when atmospheric CO2 is lower.

3.3 Land and soil carbon pools

The results above imply that the entire land carbon cycle re-
sponse to CDR is also strongly dependent on the emissions
scenario and rate of removal. In this section we will focus
on the land carbon response and specifically the ability of
soil to retain the carbon from the prescribed CDR. Since in
these simulations the land surface is not prescribed to change,
any impacts of CDR on land carbon should be solely a con-
sequence of carbon cycle dynamics in a changing climate.

The changes to the land and specifically soil carbon pools
are driven by the balance between increases in carbon due
to direct uptake by plants and soil and decreases due to indi-
rect impacts of climate change and CDR on vegetation and
soil. The balance, and which processes dominate over one
another, is scenario dependent.

As shown in Fig. 6a and b, CDR dramatically increases
the storage of carbon in the land pool. These increases are
dependent on both the SSP emissions scenario and CDR rate
(Fig. 6b). The changes in the land carbon pool are driven
by the changes to vegetation carbon (Fig. 6c and d) and soil
carbon (Fig. 6e and f). The impact of CDR on the land carbon
pool is dominated by the prescribed soil carbon flux.

Figure 6c and d illustrate the scenario dependence of the
response of vegetation carbon to CDR. In SSP5, vegetation
carbon is largely unaffected by CDR since the CDR has a
proportionally tiny impact on the massive atmospheric CO2
concentration; thus the impact of CDR on CO2 fertilization is
negligible. In SSP1, the impact of CDR on vegetation carbon
is dramatic and linear. Since atmospheric CO2 is lower, CDR
has a proportionally higher impact on the atmospheric CO2
and thus more strongly affects CO2 fertilization, strongly de-
creasing vegetation carbon.

Figure 6e and f illustrate that the response of soil car-
bon to CDR is, unsurprisingly, more dependent on the rate
of applied CDR than the emissions scenario. However, it is
strongly non-linear, illustrating that as CDR continues less
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Figure 6. The global total land carbon pool (a, b) and its soil (c, d) and vegetation components (e, f). The left column (a, c, e) shows the
carbon storage totals with time. The right column (b, d, f) shows the difference in carbon storage between the CDR and no-CDR scenarios
against cumulative removal.

carbon is retained in the soil as it approaches saturation. Ad-
ditionally, the soil carbon retention is slightly higher for the
high-emissions scenario than the lower one.

In theory we may have expected the lower-emissions sce-
nario to have better soil carbon retention, but the impact of
CDR on CO2 fertilization in SSP1 is strong, thereby weak-

ening the carbon fluxes into the soil via gross primary pro-
ductivity (GPP) and leaf litter flux, which then reduces soil
carbon retention. As shown in Fig. 7, the impact of CDR on
reducing GPP and leaf litter flux is much larger for SSP1
than SSP2 and SSP5. The impact also is substantially larger
for higher rates of CDR because of the proportionally very
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large impact a higher rate of CDR has on CO2 fertilization.
This happens as a consequence of both a larger annual CDR
and a lower-CO2 background climate state. Soil respiration
on the other hand only increases slightly in the early stages of
CDR due to the flux of carbon into the soil and then plateaus
for increasing amounts of CDR. The initial increase occurs
due to increased availability of carbon in the soil for micro-
bial respiration, and the subsequent plateau occurs due to the
balance of increased available soil carbon increasing respira-
tion and decreased atmospheric temperatures reducing respi-
ration. Therefore, the two carbon fluxes into the soil contin-
ually decline with increasing cumulative CDR, and the flux
out of the soil increases slightly and then plateaus. Overall,
the strong decrease in carbon flux into the soil and minimal
increase in carbon flux out of the soil lead to slightly lower
soil carbon retention in low-emissions scenarios. In contrast,
for a higher-emissions scenario, the impact of CDR on reduc-
ing GPP and leaf litter flux is substantially lower due to its
minimal impact on CO2 fertilization. Soil respiration, how-
ever, increases almost linearly with CDR in SSP5, as soil
respiration is not limited by a decrease in temperature like
in SSP1. Thus GPP and leaf litter carbon fluxes into the soil
are high and minimally affected by CDR, while there is more
flux out of the soil from soil respiration. The net effect is that
carbon fluxed into soil via agricultural CDR is slightly bet-
ter retained in the soil under high-emissions scenarios than
low-emissions scenarios.

The percentage of carbon that is retained in the soil due
to CDR is shown in Fig. 8a. This was computed as the dif-
ference between soil carbon in the CDR minus no-CDR sce-
nario divided by the prescribed carbon input into the soil.
As shown in Fig. 8a, the percentage of removed carbon that
remains in the soil declines strongly with increasing cumu-
lative CDR and is strongly dependent on the rate of CDR.
While for any given rate slightly more soil carbon is retained
in the soil for higher-emissions scenarios, the more important
factor appears to be the rate at which the CDR is applied.
In all scenarios, soil carbon retention reached around 35 %
by the EOC, meaning almost two-thirds of the carbon fluxed
into soil through CDR cycled back into the atmosphere. By
the EOC, the percentage of soil carbon from CDR that was
retained in soil was found to be strongly regionally varying
and independent of the rate of CDR and scenario. Figure 8b–
d show the regional pattern of the increase in soil carbon by
the EOC in the CDR scenario minus the no-CDR scenario di-
vided by the regionally varying cumulative carbon input. The
spatial panels show the percentage of soil retention for the
low-removal scenario for SSP1, SSP2, and SSP5. The spa-
tial pattern is identical for the moderate- and high-removal
scenarios (not shown). The red box shows an example of
an area where there is very little CDR applied, due to the
presence of present-day forests, but a large increase in soil
carbon. This is likely due to the climate being overall more
favorable due to CDR elsewhere, meaning the increases in
soil carbon that would have happened in mid-latitude forests

Figure 7. The components of soil carbon flux. The plots show the
fluxes in the CDR scenarios minus the no-CDR scenarios against
cumulative removal for (a) gross primary productivity (GPP),
(b) soil respiration, and (c) leaf litter.

anyway, in the absence of CDR, was improved by the im-
pact of CDR on the global climate even though CDR was
not applied in that specific location. The blue box shows an
area in which the soil carbon retained by the EOC is aligned
with the global average. The yellow boxes show locations in
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which CDR was applied but very little carbon was retained.
This was because of strong soil respiration in these areas (not
shown). This illustrates that the ability of global soils to re-
tain any removed carbon in the soil is not spatially uniform
and is instead highly heterogeneous in space. Areas which
are predicted to show an increase in stored soil carbon in
the absence of CDR, as given in Fig. 5.26 of Canadell et al.
(2023), showed an even larger increase in soil carbon after
CDR even if the CDR was not applied in those areas.

4 Uncertainty and limitations

The results above are subject to uncertainty, related to uncer-
tainties in the marker SSP scenarios, uncertainty in the theo-
retical potentials of the components of agricultural CDR, and
limitations of the simulation design.

For each of SSP1, SSP2, and SSP5, there exists a group
of simulations guided by the same paradigms as the marker
scenarios used here but for which the derived emissions are
different. These differences arise as a result of different as-
sumptions and subjective interpretations that are required to
quantify the narrative for each scenario: “global sustainabil-
ity” (SSP1), “middle of the road” (SSP2), and “fossil-fueled
development” (SSP3). Elements of this include assumptions
for energy and food demand, land use, population growth,
and the extent of emissions mitigation, among others (van
Vuuren et al., 2017; Fricko et al., 2017; Kriegler et al., 2017).
For each SSP, many simulations with the same paradigm can
be performed using different integrated assessment models,
each of which have their own intrinsic calculations for in-
vestments in energy and resultant carbon emission mitiga-
tion and carbon taxing. Consequently, there are a myriad of
sources of variability between different simulations within
the same SSP scenario paradigm. The marker scenarios used
here were chosen because they are very commonly used in
the climate research community, thus facilitating compari-
son with the results of other studies. In this study, a more
rigorous quantification of the impact of agricultural CDR on
climate could be achieved by using additional emissions sce-
narios from each SSP. The choice of a single marker scenario
per SSP is an acknowledged limitation of this study.

Agricultural CDR is itself composed of many constituent
natural pathways, including but not limited to biochar, nu-
trient management, optimal intensity grazing, and conserva-
tion agriculture. Each of these components involve agricul-
tural management techniques that can influence soil carbon
storage including biochar retaining carbon on decadal scales,
mechanical aeration affecting soil respiration, cover crop ro-
tation aiding soil quality improvements, and no-till farming
enhancing short-term carbon retention, among others. These
land management techniques are not currently able to be
modeled in UVic ESCM, which is a limitation of this study.

Furthermore, the 95 % confidence interval for mitigation
potential for some of the constituent natural pathways is very

large. This is due to a substantial range in empirical esti-
mates of their mitigation potentials. For example, the miti-
gation potential of grazing legumes is 0.2 GtCO2eqyr−1 by
2030 with a confidence interval of 0.05–1.5 GtCO2eqyr−1

(Griscom et al., 2017; Brack and King, 2021). Other meth-
ods have much narrower confidence intervals (a range un-
der 0.2 GtCO2eqyr−1) due to a wider availability of em-
pirical estimates and expert elicitation, such as for nutrient
management and improved rice cultivation. The 95 % con-
fidence interval for the collective components of agricul-
tural CDR is 2.65–8.75 GtCO2eqyr−1 by 2030. Evidently,
there is considerable uncertainty in the estimated mitiga-
tion potential of agricultural CDR by the mid-century. The
rates of agricultural CDR applied in this study (3.0, 4.1, and
8.5 GtCO2eqyr−1 by 2050) were chosen based on cost es-
timates in Brack and King (2021). These rates encompass
much of the range of the confidence interval for the collective
components of agricultural CDR and thus provide a reason-
able but not perfect representation of the uncertainty in the
theoretical mitigation potential.

Finally, there are notable uncertainties introduced by the
nature of the simulation design. Since the UVic ESCM is
not presently capable of modeling managed land practices,
many of the components of agricultural CDR could not be
modeled individually. Therefore, a simplified atmosphere-
to-soil carbon flux was used, which aimed to represent the
summed components of agricultural CDR as closely as pos-
sible. However, in practice, some natural pathways are im-
plemented much more effectively in some places than others,
with respect to carbon sequestration and retention. Examples
include improved rice cultivation, which is much more ef-
fective as a method of CDR in southern Asia than every-
where else, and optimal intensity grazing, which is much
more effective in Europe and East Asia than northern and
central Africa (based on Fig. S2 in Griscom et al., 2017).
Some managed land practices also limit soil carbon retention,
such as tilling and other disturbances of carbon reservoirs.
An atmosphere-to-soil flux that does not account for the spa-
tial heterogeneity in CDR efficacy undoubtedly introduces
some uncertainty in the results. This study was intended to
show, to the first order, the climate responses which could
theoretically occur given some rates of agricultural CDR.

Direct comparison of our results with previous studies
is challenging due to the limited availability of studies of
this kind on global nature-based CDR. The results presented
here do compare well with an available previous study on
temporary nature-based carbon removal. Matthews et al.
(2022) modeled CDR via carbon storage in forests which
were temporarily expanded in area and then contracted under
the same SSP1 and SSP2 marker scenarios that were used
here. In their moderate removal scenario, a cumulative re-
moval of 173 GtCO2 (47 Gt C) was achieved by 2056. This
is very close to the cumulative removal achieved by 2056 in
the high-removal scenario in this study (8.5 GtCO2 yr−1) as
shown in Fig. 2. Matthews et al. (2022) found that 47 Gt C of

https://doi.org/10.5194/bg-22-1969-2025 Biogeosciences, 22, 1969–1984, 2025



1980 R. C. Evans and H. D. Matthews: Effectiveness of agricultural carbon dioxide removal

Figure 8. The percentage of carbon retained in the soil as (a) a function of time and (b–d) a function of space averaged for the period
2090–2100 for SSP1, SSP2, and SSP5 for the low-removal scenario. The spatial pattern of the plots in panels (b)–(d) is identical to that for
the moderate- and high-removal scenarios (not shown). The red box shows an example of a region where there is little applied CDR but very
high C retention in soil; the blue box is an example of a region where the percentage of soil carbon retained is around the global average of
30 %; the yellow boxes show examples of regions where CDR is prescribed to be strong but little soil C is retained. The regional variability
of CDR can be found in Fig. 2.

cumulative removal by 2056 generated a decrease in atmo-
spheric CO2 concentration of around 10–15 ppm compared
to the no-removal scenarios. In this study, as shown in Fig. 4,
47 Gt C of cumulative removal results in a decrease in atmo-
spheric CO2 concentration of around 9–10 ppm relative to
the no-CDR scenario. While a direct comparison of our study
with Matthews et al. (2022) is not exactly appropriate due to
the vastly different approaches to achieving the CDR, this
suggests our results are generally in good agreement with a
previous study on global nature-based removal.

Given the uncertainties associated with the intermediate-
complexity simulation design in this study, these results
should primarily be taken as a first-order illustration of the

theoretically possible climate responses to agricultural CDR
and an explanation of how it differs mechanistically from
permanent carbon sequestration.

5 Implications

This study offers insights into our understanding of the tran-
sient climate response removal when the sequestered carbon
is still actively cycling with the atmosphere, as is the case
in the vast majority of nature-based pathways. The responses
of atmospheric CO2 concentration and surface air tempera-
ture to cumulative carbon removal were non-linear. Removal
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became less effective at inducing climate benefits over time
as the removal continued. In all of the emissions scenarios,
the temperature and CO2 responses to removal were consid-
erably larger when CDR was implemented at the highest rate
and under strong emissions reductions (SSP1). This implies
that agriculture as a method of CDR is, to some extent, only
meaningfully beneficial at mitigating climate change if en-
acted strongly and alongside massive emissions reductions.
A CDR-induced cooling of 0.1 °C by the end of the century
is much more helpful in mitigating the negative impacts of
climate change if the net warming since 2000 is under 1.5 °C
(as is the case for SSP1) than if warming profoundly eclipses
the 2.0 °C threshold (as in SSP2 and SSP5).

These findings also have implications for the practical im-
plementation of agricultural CDR. For agricultural CDR to
be meaningfully effective, it should ideally be implemented
at 8.5 GtCO2eqyr−1 by 2050. For this magnitude of annual
CDR to be achieved, it would require substantial financial
investment, in particular for biochar, trees in croplands, and
grazing (feed and animal management) (Brack and King,
2021). As with any method of CDR, the economic and prac-
tical considerations of implementing agricultural CDR are
tremendously complicated. While these considerations are
outside the scope of this study, a rigorous exploration of their
feasibility would be an important focus of future studies.

6 Conclusions

This study uses simulations of agricultural carbon dioxide re-
moval (CDR) at varying rates to explore the impact of nature-
based CDR on the climate and the global land carbon pools.
The simulations were performed using the University of Vic-
toria Earth System Climate Model version 2.10. The agri-
cultural CDR was achieved through a prescribed carbon flux
from the atmosphere into soil in agricultural areas. This was
prescribed to be time varying, from 0.0 GtCO2 yr−1 in 2020
to 3.0, 4.1, or 8.5 GtCO2 yr−1 by 2050 based on estimates
of low, moderate, and high costs of implementation. These
removals were performed under derived emissions from the
Shared Socioeconomic Pathways (SSPs) marker scenarios
SSP1-1.9, SSP2-4.5, and SSP5-8.5.

This study yielded an important finding – that for agri-
cultural CDR, and indeed nature-based CDR more generally,
the response of CO2 and surface air temperature to cumula-
tive carbon removal is non-linear. Their responses were also
dependent on the emissions scenario in which the CDR was
implemented and the rate at which the CDR was applied.
We found that realistically possible agricultural CDR was
able to reduce CO2 concentration by 5–19 ppm and global
surface air temperature by 0.02–0.10 °C by the end of the
century. The transient climate response to removal was non-
linear, with CDR becoming less effective at reducing CO2
and surface air temperature as cumulative removal increased.
This is because the carbon is not permanently removed in

nature-based CDR but remains part of the active carbon cy-
cle. Therefore, for a given amount of CDR, some of the car-
bon removed returns to the atmosphere via soil respiration
so the climate benefit is less than if the carbon had been re-
moved entirely.

The response of CO2 and surface air temperature to agri-
cultural CDR strongly depended on the scenario in which it
was implemented. In low-emissions scenarios, CDR was less
effective at reducing atmospheric CO2 for a given amount of
CDR than the same amount of CDR in a high-emissions sce-
nario. On the other hand, in low-emissions scenarios CDR
was more effective at reducing the surface air temperature
than it was in a high-emissions scenario. The larger tempera-
ture response in low-emissions scenarios was due to the log-
arithmic nature of the relationship between changes in atmo-
spheric CO2 concentration and the impact on radiative bal-
ance, where at low atmospheric CO2 concentrations CDR
has a proportionally larger impact on atmospheric CO2 and
therefore radiative balance. CDR was substantially more ef-
fective at reducing surface air temperature when it was im-
plemented at a more rapid rate.

The impact of CDR on land and soil carbon was deter-
mined by the balance between increases in carbon due to up-
take by plants and soil, and decreases due to indirect impacts
of climate change, such as soil respiration. In low-emissions
scenarios, agricultural CDR induced a sharp decline in gross
primary productivity and leaf litter flux due to the propor-
tionally higher impact on the CO2 fertilization effect. In low-
emissions scenarios, CDR only caused a slight increase in
soil respiration due to more soil carbon availability. The net
result was slightly lower soil carbon retention than for the
high-emissions scenario. In the high-emissions scenario, pri-
mary productivity was largely unaffected by CDR due to the
logarithmic relationship between atmospheric CO2 changes
and the CO2 fertilization effect, and soil respiration substan-
tially increased due to soil carbon availability and large in-
creases in global temperature. Thus, for low-emissions sce-
narios, the decrease in primary productivity due to CDR is
important and dictates the proportion of removed carbon that
is retained in the soil, but for high-emissions scenarios the
CDR more strongly affected soil respiration. The soil carbon
was found to be retained at a higher fraction for longer if the
CDR rate was higher.

Further study on this topic should explore the climate im-
pacts from agricultural CDR where a portion of the carbon
removed enters the inactive carbon cycle through biochar py-
rogenic carbon capture and indeed to individually model the
components of agricultural CDR. Furthermore, the impacts
of land management practices, such as tilling, on soil carbon
retention should be explored in a model setting.

Code and data availability. Model output data and code have been
uploaded to the Canadian Federal Research Data Repository
(https://doi.org/10.20383/103.0978; Evans and Matthews, 2025).

https://doi.org/10.5194/bg-22-1969-2025 Biogeosciences, 22, 1969–1984, 2025

https://doi.org/10.20383/103.0978


1982 R. C. Evans and H. D. Matthews: Effectiveness of agricultural carbon dioxide removal

Author contributions. RCE performed the simulations, created the
figures, and wrote the manuscript. HDM provided extensive scien-
tific guidance on the simulation design and data interpretation.

Competing interests. The contact author has declared that neither
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. The authors thank the Matthews Climate Lab
at Concordia University for the helpful discussions during weekly
group meetings. The authors acknowledge helpful discussions with
Amy Luers at Microsoft that contributed to the framing of this
study. This work was made possible due to funding support from
Microsoft, Environment and Climate Change Canada, and the Mi-
tacs Elevate postdoctoral fellowship program. It also benefited from
computational resources provided by the Digital Research Alliance
of Canada’s Cedar cluster. The authors would also like to thank the
reviewers for their extremely helpful comments in relation to im-
proving this publication.

Financial support. This research has been supported by funding
from the Mitacs Elevate Postdoctoral Fellowship Program (grant
no. IT34880), Microsoft, and Environment and Climate Change
Canada.

Review statement. This paper was edited by Andrew Feldman and
reviewed by two anonymous referees.

References

Allen, M. R., Frame, D. J., Huntingford, C., Jones, C. D., Lowe, J.
A., Meinshausen, M., and Meinshausen, N.: Warming caused by
cumulative carbon emissions towards the trillionth tonne, Nature,
458, 1163–1166, https://doi.org/10.1038/nature08019, 2009.

Bitz, C. M., Holland, M. M., Weaver, A. J., and Eby, M.:
Simulating the ice-thickness distribution in a coupled cli-
mate model, J. Geophys. Res.-Oceans, 106, 2441–2463,
https://doi.org/10.1029/1999JC000113, 2001.

Bossio, D. A., Cook-Patton, S. C., Ellis, P. W., Fargione, J., San-
derman, J., Smith, P., Wood, S., Zomer, R. J., von Unger, M.,
Emmer, I. M., and Griscom, B. W.: The role of soil carbon
in natural climate solutions, Nature Sustainability, 3, 391–398,
https://doi.org/10.1038/s41893-020-0491-z, 2020.

Brack, D. and King, R.: Managing Land-based CDR: BECCS,
Forests and Carbon Sequestration, Glob. Policy, 12, 45–56,
https://doi.org/10.1111/1758-5899.12827, 2021.

Canadell, J. G., Monteiro, P. M. S., Costa, M. H., da Cunha
L., C., Cox, P. M., Eliseev, A. V., Henson, S., Ishii,
M., Jaccard, S., Koven, C., Lohila, A., Patra, P. K., Piao,
S., Rogelj, J., Syampungani, S., Zaehle, S., and Zick-
feld, K.: Global Carbon and other Biogeochemical Cycles
and Feedbacks, Chap. 5, Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 673–816,
https://doi.org/10.1017/9781009157896.007, 2023.

Carpenter, L. J., Reimann, S. (Lead Authors), Burkholder, J. B.,
Clerbaux, C., Hall, B. D., Hossaini, R., Laube, J. C., and Yvon-
Lewis, S. A.: Scientific Assessment of Ozone Depletion: 2014,
Chap. Ozone-Depleting Substances (ODSs) and Other Gases of
Interest to the Montreal Protocol, World Meteorological Organi-
zation, Geneva, Switzerland, ISBN 978-9966-076-01-4, 2014.

Chen, Z., Wei, Y., Zhang, Z., Wang, G., and Li, J.: Organic car-
bon sequestration in Chinese croplands under compost applica-
tion and its contribution to carbon neutrality, Environ. Sci. Pollut.
R., 30, 9022–9035, https://doi.org/10.1007/s11356-022-21254-
2, 2023.

Cox, P.: Description of the TRIFFID dynamic global vegeta-
tion model, Hadley Centre Technical Note, 24, https://jules.
jchmr.org/sites/default/files/2023-06/JULES-HCTN-24.pdf (last
access: 5 May 2024), 2001.

Eby, M., Zickfeld, K., Montenegro, A., Archer, D., Meissner,
K. J., and Weaver, A. J.: Lifetime of Anthropogenic Climate
Change: Millennial Time Scales of Potential CO2 and Sur-
face Temperature Perturbations, J. Climate, 22, 2501–2511,
https://doi.org/10.1175/2008JCLI2554.1, 2009.

Eby, M., Weaver, A. J., Alexander, K., Zickfeld, K., Abe-Ouchi, A.,
Cimatoribus, A. A., Crespin, E., Drijfhout, S. S., Edwards, N. R.,
Eliseev, A. V., Feulner, G., Fichefet, T., Forest, C. E., Goosse, H.,
Holden, P. B., Joos, F., Kawamiya, M., Kicklighter, D., Kienert,
H., Matsumoto, K., Mokhov, I. I., Monier, E., Olsen, S. M., Ped-
ersen, J. O. P., Perrette, M., Philippon-Berthier, G., Ridgwell, A.,
Schlosser, A., Schneider von Deimling, T., Shaffer, G., Smith, R.
S., Spahni, R., Sokolov, A. P., Steinacher, M., Tachiiri, K., Tokos,
K., Yoshimori, M., Zeng, N., and Zhao, F.: Historical and ide-
alized climate model experiments: an intercomparison of Earth
system models of intermediate complexity, Clim. Past, 9, 1111–
1140, https://doi.org/10.5194/cp-9-1111-2013, 2013.

Evans, R. and Matthews, D.: The Effectiveness of Agricultural Car-
bon Dioxide Removal using the University of Victoria Earth Sys-
tem Climate Model, Federated Research Data Repository [data
set], https://doi.org/10.20383/103.0978, 2025.

Fanning, A. F. and Weaver, A. J.: An atmospheric energy-moisture
balance model: Climatology, interpentadal climate change, and
coupling to an ocean general circulation model, J. Geophys. Res.-
Atmos., 101, 15111–15128, https://doi.org/10.1029/96JD01017,
1996.

Farquhar, G. D. and Sharkey, T. D.: Stomatal Conductance
and Photosynthesis, Annu. Rev. Plant Biol., 33, 317–345,
https://doi.org/10.1146/annurev.pp.33.060182.001533, 1982.

Fricko, O., Havlik, P., Rogelj, J., Klimont, Z., Gusti, M., Johnson,
N., Kolp, P., Strubegger, M., Valin, H., Amann, M., Ermolieva,
T., Forsell, N., Herrero, M., Heyes, C., Kindermann, G., Krey, V.,
McCollum, D. L., Obersteiner, M., Pachauri, S., Rao, S., Schmid,
E., Schoepp, W., and Riahi, K.: The marker quantification of
the Shared Socioeconomic Pathway 2: A middle-of-the-road sce-

Biogeosciences, 22, 1969–1984, 2025 https://doi.org/10.5194/bg-22-1969-2025

https://doi.org/10.1038/nature08019
https://doi.org/10.1029/1999JC000113
https://doi.org/10.1038/s41893-020-0491-z
https://doi.org/10.1111/1758-5899.12827
https://doi.org/10.1017/9781009157896.007
https://doi.org/10.1007/s11356-022-21254-2
https://doi.org/10.1007/s11356-022-21254-2
https://jules.jchmr.org/sites/default/files/2023-06/JULES-HCTN-24.pdf
https://jules.jchmr.org/sites/default/files/2023-06/JULES-HCTN-24.pdf
https://doi.org/10.1175/2008JCLI2554.1
https://doi.org/10.5194/cp-9-1111-2013
https://doi.org/10.20383/103.0978
https://doi.org/10.1029/96JD01017
https://doi.org/10.1146/annurev.pp.33.060182.001533


R. C. Evans and H. D. Matthews: Effectiveness of agricultural carbon dioxide removal 1983

nario for the 21st century, Global Environ. Chang., 42, 251–267,
https://doi.org/10.1016/j.gloenvcha.2016.06.004, 2017.

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax,
G., Miteva, D. A., Schlesinger, W. H., Shoch, D., Siikamäki, J.
V., Smith, P., Woodbury, P., Zganjar, C., Blackman, A., Campari,
J., Conant, R. T., Delgado, C., Elias, P., Gopalakrishna, T., Ham-
sik, M. R., Herrero, M., Kiesecker, J., Landis, E., Laestadius, L.,
Leavitt, S. M., Minnemeyer, S., Polasky, S., Potapov, P., Putz, F.
E., Sanderman, J., Silvius, M., Wollenberg, E., and Fargione, J.:
Natural climate solutions, P. Natl. Acad. Sci. USA, 114, 11645–
11650, https://doi.org/10.1073/pnas.1710465114, 2017.

Gütschow, J., Jeffery, M. L., Gieseke, R., Gebel, R., Stevens, D.,
Krapp, M., and Rocha, M.: The PRIMAP-hist national histor-
ical emissions time series, Earth Syst. Sci. Data, 8, 571–603,
https://doi.org/10.5194/essd-8-571-2016, 2016.

Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-
Maenhout, G., Pitkanen, T., Seibert, J. J., Vu, L., Andres, R.
J., Bolt, R. M., Bond, T. C., Dawidowski, L., Kholod, N.,
Kurokawa, J.-I., Li, M., Liu, L., Lu, Z., Moura, M. C. P.,
O’Rourke, P. R., and Zhang, Q.: Historical (1750–2014) anthro-
pogenic emissions of reactive gases and aerosols from the Com-
munity Emissions Data System (CEDS), Geosci. Model Dev., 11,
369–408, https://doi.org/10.5194/gmd-11-369-2018, 2018.

Huang, M.-T. and Zhai, P.-M.: Achieving Paris Agreement
temperature goals requires carbon neutrality by middle
century with far-reaching transitions in the whole soci-
ety, Advances in Climate Change Research, 12, 281–286,
https://doi.org/10.1016/j.accre.2021.03.004, 2021.

Jones, C. D., Ciais, P., Davis, S. J., Friedlingstein, P., Gasser,
T., Peters, G. P., Rogeli, J., van Vuuren, D. P., Canadell, J.
G., Cowie, A., Jackson, R. B., Jonas, M., Kriegler, E., Little-
ton, E., Lowe, J. A., Milne, J., Shrestha, G., Smith, P., Tor-
vanger, A., and Wiltshire, A.: Simulating the Earth system re-
sponse to negative emissions, Environ. Res. Lett., 11, 095012,
https://doi.org/10.1088/1748-9326/11/9/095012, 2016.

Katavouta, A., Williams, R. G., Goodwin, P., and Roussenov, V.:
Reconciling Atmospheric and Oceanic Views of the Transient
Climate Response to Emissions, Geophys. Res. Lett., 45, 6205–
6214, https://doi.org/10.1029/2018GL077849, 2018.

Keller, D. P., Lenton, A., Littleton, E. W., Oschlies, A., Scott, V.,
and Vaughan, N. E.: The Effects of Carbon Dioxide Removal on
the Carbon Cycle, Current Climate Change Reports, 4, 260–265,
https://doi.org/10.1007/s40641-018-0104-3, 2018.

King, J. S., Hanson, P. J., Bernhardt, E., DeAngelis, P., Norby,
R. J., and Pregitzer, K. S.: A multiyear synthesis of soil res-
piration responses to elevated atmospheric CO2 from four for-
est FACE experiments, Global Change Biol., 10, 1027–1042,
https://doi.org/10.1111/j.1529-8817.2003.00789.x, 2004.

Kriegler, E., Bauer, N., Popp, A., Humpenöder, F., Leimbach, M.,
Strefler, J., Baumstark, L., Bodirsky, B. L., Hilaire, J., Klein,
D., Mouratiadou, I., Weindl, I., Bertram, C., Dietrich, J.-P., Lud-
erer, G., Pehl, M., Pietzcker, R., Piontek, F., Lotze-Campen, H.,
Biewald, A., Bonsch, M., Giannousakis, A., Kreidenweis, U.,
Müller, C., Rolinski, S., Schultes, A., Schwanitz, J., Stevanovic,
M., Calvin, K., Emmerling, J., Fujimori, S., and Edenhofer, O.:
Fossil-fueled development (SSP5): An energy and resource in-
tensive scenario for the 21st century, Global Environ. Chang.,
42, 297–315, https://doi.org/10.1016/j.gloenvcha.2016.05.015,
2017.

Kumara, K. T. M., Pal, S., Chand, P., and Kandpal, A.: Car-
bon sequestration potential of sustainable agricultural prac-
tices to mitigate climate change in Indian agriculture: A meta-
analysis, Sustainable Production and Consumption, 35, 697–708,
https://doi.org/10.1016/j.spc.2022.12.015, 2023.

Lefebvre, D., Cornelis, J.-T., Meersmans, J., Edgar, J., Hamil-
ton, M., and Bi, X.: Environmental factors controlling
biochar climate change mitigation potential in British
Columbia’s agricultural soils, GCB Bioenergy, 16, 1–14,
https://doi.org/10.1111/gcbb.13109, 2024.

Mason, A., Salomon, M., Lowe, A., and Cavagnaro, T.: Micro-
bial solutions to soil carbon sequestration, J. Clean. Prod., 417,
137993, https://doi.org/10.1016/j.jclepro.2023.137993, 2023.

Mathesius, S., Hofmann, M., Caldeira, K., and Schellnhu-
ber, H. J.: Long-term response of oceans to CO2 removal
from the atmosphere, Nat. Clim. Change, 5, 1107–1113,
https://doi.org/10.1038/nclimate2729, 2015.

Matthews, H., Zickfeld, K., Dickau, M., MacIsaac, A. J., Math-
esius, S., Nzotungicimpaye, C.-M., and Luers, A.: Temporary
nature-based carbon removal can lower peak warming in a well-
below 2 °C scenario, Nat. Commun. Earth Environ., 3, 1–8,
https://doi.org/10.1038/s43247-022-00391-z, 2022.

Matthews, H. D., Weaver, A. J., Meissner, K. J., Gillett, N. P.,
and Eby, M.: Natural and anthropogenic climate change: in-
corporating historical land cover change, vegetation dynam-
ics and the global carbon cycle, Clim. Dynam., 22, 461–479,
https://doi.org/10.1007/s00382-004-0392-2, 2004.

Matthews, H. D., Gillett, N. P., Stott, P. A., and Zick-
feld, K.: The proportionality of global warming to
cumulative carbon emissions, Nature, 459, 829–832,
https://doi.org/10.1038/nature08047, 2009.

Meinshausen, M., Nicholls, Z. R. J., Lewis, J., Gidden, M. J.,
Vogel, E., Freund, M., Beyerle, U., Gessner, C., Nauels, A.,
Bauer, N., Canadell, J. G., Daniel, J. S., John, A., Krummel,
P. B., Luderer, G., Meinshausen, N., Montzka, S. A., Rayner,
P. J., Reimann, S., Smith, S. J., van den Berg, M., Velders, G.
J. M., Vollmer, M. K., and Wang, R. H. J.: The shared socio-
economic pathway (SSP) greenhouse gas concentrations and
their extensions to 2500, Geosci. Model Dev., 13, 3571–3605,
https://doi.org/10.5194/gmd-13-3571-2020, 2020.

Meissner, K. J., Weaver, A. J., Matthews, H. D., and Cox, P. M.:
The role of land surface dynamics in glacial inception: A study
with the UVic Earth System model, Clim. Dynam., 21, 515–537,
https://doi.org/10.1007/s00382-003-0352-2, 2003.

Mengis, N., Keller, D. P., MacDougall, A. H., Eby, M., Wright,
N., Meissner, K. J., Oschlies, A., Schmittner, A., MacIsaac,
A. J., Matthews, H. D., and Zickfeld, K.: Evaluation of the
University of Victoria Earth System Climate Model version
2.10 (UVic ESCM 2.10), Geosci. Model Dev., 13, 4183–4204,
https://doi.org/10.5194/gmd-13-4183-2020, 2020.

Miller, R. L., Schmidt, G. A., Nazarenko, L. S., Tausnev, N., Bauer,
S. E., DelGenio, A. D., Kelley, M., Lo, K. K., Ruedy, R., Shin-
dell, D. T., Aleinov, I., Bauer, M., Bleck, R., Canuto, V., Chen,
Y., Cheng, Y., Clune, T. L., Faluvegi, G., Hansen, J. E., Healy,
R. J., Kiang, N. Y., Koch, D., Lacis, A. A., LeGrande, A. N.,
Lerner, J., Menon, S., Oinas, V., Pérez García-Pando, C., Perl-
witz, J. P., Puma, M. J., Rind, D., Romanou, A., Russell, G.
L., Sato, M., Sun, S., Tsigaridis, K., Unger, N., Voulgarakis, A.,
Yao, M.-S., and Zhang, J.: CMIP5 historical simulations (1850–

https://doi.org/10.5194/bg-22-1969-2025 Biogeosciences, 22, 1969–1984, 2025

https://doi.org/10.1016/j.gloenvcha.2016.06.004
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.5194/essd-8-571-2016
https://doi.org/10.5194/gmd-11-369-2018
https://doi.org/10.1016/j.accre.2021.03.004
https://doi.org/10.1088/1748-9326/11/9/095012
https://doi.org/10.1029/2018GL077849
https://doi.org/10.1007/s40641-018-0104-3
https://doi.org/10.1111/j.1529-8817.2003.00789.x
https://doi.org/10.1016/j.gloenvcha.2016.05.015
https://doi.org/10.1016/j.spc.2022.12.015
https://doi.org/10.1111/gcbb.13109
https://doi.org/10.1016/j.jclepro.2023.137993
https://doi.org/10.1038/nclimate2729
https://doi.org/10.1038/s43247-022-00391-z
https://doi.org/10.1007/s00382-004-0392-2
https://doi.org/10.1038/nature08047
https://doi.org/10.5194/gmd-13-3571-2020
https://doi.org/10.1007/s00382-003-0352-2
https://doi.org/10.5194/gmd-13-4183-2020


1984 R. C. Evans and H. D. Matthews: Effectiveness of agricultural carbon dioxide removal

2012) with GISS ModelE2, J. Adv. Model. Earth Sy., 6, 441–478,
https://doi.org/10.1002/2013MS000266, 2014.

Nabuurs, G.-J., Mrabet, R., Abu Hatab, A., Bustamante, M., Clark,
H., Havlìk, P., House, J., Mbow, C., Ninan, K. N., Popp, A.,
Roe, S., Sohngen, B., and Towprayoon, S.: Agriculture, forestry
and other land uses (AFOLU), in: IPCC, 2022: Climate change
2022: Mitigation of climate change. Contribution of working
group III to the sixth assessment report of the intergovernmen-
tal panel on climate change, edited by: Shukla, P. R., Skea,
J., Slade, R., Al Khourdajie, A., van Diemen, R., McCollum,
D., Pathak, M., Some, S., Vyas, P., Fradera, R., Belkacemi,
M., Hasija, A., Lisboa, G., Luz, S., and Malley, J., Tech. rep.,
https://doi.org/10.1017/9781009157926.009, 2022.

Paustian, K., Larson, E., Kent, J., Marx, E., and Swan, A.: Soil C Se-
questration as a Biological Negative Emission Strategy, Frontiers
in Climate, 1, 1–11, https://doi.org/10.3389/fclim.2019.00008,
2019.

Riahi, K., van Vuuren, D. P., Kriegler, E., Edmonds, J., O’Neill,
B. C., Fujimori, S., Bauer, N., Calvin, K., Dellink, R., Fricko,
O., Lutz, W., Popp, A., Cuaresma, J. C., Samir, K. C., Leim-
bach, M., Jiang, L., Kram, T., Rao, S., Emmerling, J., Ebi, K.,
Hasegawa, T., Havlìk, P., Humpenöder, F., Silva, L. A. D., Smith,
S., Stehfest, E., Bosetti, V., Eom, J., Gernaat, D., Masui, T., Ro-
gelj, J., Strefler, J., Drouet, L., Krey, V., Luderer, G., Harmsen,
M., Takahashi, K., Baumstark, L., Doelman, J. C., Kainuma, M.,
Klimont, Z., Marangoni, G., Lotze-Campen, H., Obersteiner, M.,
Tabeau, A., and Tavoni, M.: The Shared Socioeconomic Path-
ways and their energy, land use, and greenhouse gas emissions
implications: An overview, Global Environ. Chang., 42, 153–
168, https://doi.org/10.1016/j.gloenvcha.2016.05.009, 2017.

Roe, S., Streck, C., Obersteiner, M., Frank, S., Griscom, B., Drouet,
L., Fricko, O., Gusti, M., Harris, N., Hasegawa, T., Hausfather,
Z., Havlìk, P., House, J., Nabuurs, G.-J., Popp, A., Sánchez, M. J.
S., Sanderman, J., Smith, P., Stehfest, E., and Lawrence, D.: Con-
tribution of the land sector to a 1.5 °C world, Nat. Clim. Change,
9, 817–828, https://doi.org/10.1038/s41558-019-0591-9, 2019.

Rogeli, J., Gelden, O., Cowie, A., and Reisinger, A.: Three ways
to improve net-zero emissions targets, Nature, 591, 365–368,
https://doi.org/10.1038/d41586-021-00662-3, 2021.

Seddon, N., Chausson, A., Berry, P., Girardin, C. A. J.,
Smith, A., and Turner, B.: Understanding the value and lim-
its of nature-based solutions to climate change and other
global challenges, Philos. T. Roy. Soc. B, 375, 20190120,
https://doi.org/10.1098/rstb.2019.0120, 2020.

Smith, P., Haberl, H., Popp, A., Erb, K.-h., Lauk, C., Harper, R.,
Tubiello, F. N., de Siqueira Pinto, A., Jafari, M., Sohi, S., Masera,
O., Böttcher, H., Berndes, G., Bustamante, M., Ahammad, H.,
Clark, H., Dong, H., Elsiddig, E. A., Mbow, C., Ravindranath, N.
H., Rice, C. W., Robledo Abad, C., Romanovskaya, A., Sperling,
F., Herrero, M., House, J. I., and Rose, S.: How much land-based
greenhouse gas mitigation can be achieved without compro-
mising food security and environmental goals?, Global Change
Biol., 19, 2285–2302, https://doi.org/10.1111/gcb.12160, 2013.

Tan, S. S. and Kuebbing, S. E.: A synthesis of the effect of re-
generative agriculture on soil carbon sequestration in South-
east Asian croplands, Agr. Ecosyst. Environ., 349, 108450,
https://doi.org/10.1016/j.agee.2023.108450, 2023.

Tao, F., Palosuo, T., Lehtonen, A., Heikkinen, J., and Mäkipää, R.:
Soil organic carbon sequestration potential for croplands in Fin-
land over 2021–2040 under the interactive impacts of climate
change and agricultural management, Agr. Syst., 209, 103671,
https://doi.org/10.1016/j.agsy.2023.103671, 2023.

ur Rehman, S., Ijaz, S. S., Raza, M. A., Mohi Ud Din, A., Khan, K.
S., Fatima, S., Raza, T., Mehmood, S., Saeed, A., and Ansar, M.:
Soil organic carbon sequestration and modeling under conserva-
tion tillage and cropping systems in a rainfed agriculture, Eur. J.
Agron., 147, 126840, https://doi.org/10.1016/j.eja.2023.126840,
2023.

van Marle, M. J. E., Kloster, S., Magi, B. I., Marlon, J. R., Da-
niau, A.-L., Field, R. D., Arneth, A., Forrest, M., Hantson,
S., Kehrwald, N. M., Knorr, W., Lasslop, G., Li, F., Man-
geon, S., Yue, C., Kaiser, J. W., and van der Werf, G. R.: His-
toric global biomass burning emissions for CMIP6 (BB4CMIP)
based on merging satellite observations with proxies and fire
models (1750–2015), Geosci. Model Dev., 10, 3329–3357,
https://doi.org/10.5194/gmd-10-3329-2017, 2017.

van Vuuren, D. P., Stehfest, E., Gernaat, D. E., Doelman, J. C.,
van den Berg, M., Harmsen, M., de Boer, H. S., Bouwman,
L. F., Daioglou, V., Edelenbosch, O. Y., Girod, B., Kram, T.,
Lassaletta, L., Lucas, P. L., van Meijl, H., Müller, C., van
Ruijven, B. J., van der Sluis, S., and Tabeau, A.: Energy,
land-use and greenhouse gas emissions trajectories under a
green growth paradigm, Global Environ. Chang., 42, 237–250,
https://doi.org/10.1016/j.gloenvcha.2016.05.008, 2017.

Velders, G. J., Fahey, D. W., Daniel, J. S., Andersen, S. O.,
and McFarland, M.: Future atmospheric abundances and cli-
mate forcings from scenarios of global and regional hydroflu-
orocarbon (HFC) emissions, Atmos. Environ., 123, 200–209,
https://doi.org/10.1016/j.atmosenv.2015.10.071, 2015.

Weaver, A. J., Eby, M., Wiebe, E. C., Bitz, C. M., Duffy, P.
B., Ewen, T. L., Fanning, A. F., Holland, M. M., MacFadyen,
A., Matthews, H. D., Meissner, K. J., Saenko, O., Schmittner,
A., Wang, H., and Yoshimori, M.: The UVic earth system cli-
mate model: Model description, climatology, and applications to
past, present and future climates, Atmos. Ocean, 39, 361–428,
https://doi.org/10.1080/07055900.2001.9649686, 2001.

Wiltshire, S. and Beckage, B.: Integrating climate change
into projections of soil carbon sequestration from
regenerative agriculture, PLOS Climate, 2, 1–14,
https://doi.org/10.1371/journal.pclm.0000130, 2023.

Zickfeld, K., MacDougall, A., and Matthews, H. D.: On the pro-
portionality between global temperature change and cumulative
CO2 emissions during periods of net negative CO2 emissions,
Environ. Res. Lett., 11, 055006, https://doi.org/10.1088/1748-
9326/11/5/055006, 2016.

Zickfeld, K., Azevedo, D., Mathesius, S., and Matthews, H. D.:
Asymmetry in the climate–carbon cycle response to positive
and negative CO2 emissions, Nat. Clim. Change, 11, 613–617,
https://doi.org/10.1038/s41558-021-01061-2, 2021.

Biogeosciences, 22, 1969–1984, 2025 https://doi.org/10.5194/bg-22-1969-2025

https://doi.org/10.1002/2013MS000266
https://doi.org/10.1017/9781009157926.009
https://doi.org/10.3389/fclim.2019.00008
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1038/s41558-019-0591-9
https://doi.org/10.1038/d41586-021-00662-3
https://doi.org/10.1098/rstb.2019.0120
https://doi.org/10.1111/gcb.12160
https://doi.org/10.1016/j.agee.2023.108450
https://doi.org/10.1016/j.agsy.2023.103671
https://doi.org/10.1016/j.eja.2023.126840
https://doi.org/10.5194/gmd-10-3329-2017
https://doi.org/10.1016/j.gloenvcha.2016.05.008
https://doi.org/10.1016/j.atmosenv.2015.10.071
https://doi.org/10.1080/07055900.2001.9649686
https://doi.org/10.1371/journal.pclm.0000130
https://doi.org/10.1088/1748-9326/11/5/055006
https://doi.org/10.1088/1748-9326/11/5/055006
https://doi.org/10.1038/s41558-021-01061-2

	Abstract
	Introduction
	Methodology
	Model description
	Simulation design

	Results and discussion
	CDR impact on atmospheric CO2 concentration and temperature
	Change in surface air temperature and CO2 concentration per unit of CDR
	Non-linearity of the TCRR (SAT) and CO2
	Path dependence of the TCRR (SAT) and CO2
	CDR rate dependence of the TCRR (SAT) and CO2

	Land and soil carbon pools

	Uncertainty and limitations
	Implications
	Conclusions
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

