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Temporary nature-based carbon removal can lower
peak warming in a well-below 2 °C scenario
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Sabine Mathesius® 23, Claude-Michel Nzotungicimpaye' & Amy Luers®

Meeting the Paris Agreement'’s climate objectives will require the world to achieve net-zero
CO, emissions around or before mid-century. Nature-based climate solutions, which aim to
preserve and enhance carbon storage in terrestrial or aquatic ecosystems, could be a
potential contributor to net-zero emissions targets. However, there is a risk that successfully
stored land carbon could be subsequently lost back to the atmosphere as a result of dis-
turbances such as wildfire or deforestation. Here we quantify the climate effect of nature-
based climate solutions in a scenario where land-based carbon storage is enhanced over the
next several decades, and then returned to the atmosphere during the second half of this
century. We show that temporary carbon sequestration has the potential to decrease the
peak temperature increase, but only if implemented alongside an ambitious mitigation sce-
nario where fossil fuel CO, emissions were also decreased to net-zero. We also show that
non-CO, effects such as surface albedo decreases associated with reforestation could
counter almost half of the climate effect of carbon sequestration. Our results suggest that
there is climate benefit associated with temporary nature-based carbon storage, but only if
implemented as a complement (and not an alternative) to ambitious fossil fuel CO, emis-
sions reductions.
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are committing to net-zero greenhouse gas emissions

targets in an effort to contribute to achieving the climate
goals of the Paris Agreement!2. Alongside these targets, there is
increased attention on possible strategies to remove carbon
dioxide from the atmosphere (so-called carbon dioxide removal
or CDR)3-> which would be required to reach a global net-zero
target if we do not succeed in eliminating all sources of
emissions!. Among CDR approaches, nature-based climate
solutions (NbCS)®~® encompass a range of strategies aimed at
preserving and enhancing carbon storage in ecosystems and on
agricultural lands. A key appeal of NbCS is the potential to
contribute to climate mitigation efforts, while also generating
additional co-benefits for human well-being and biodiversity!0.

NbCS include efforts to avoid additional land-use carbon
emissions (e.g., by preventing additional deforestation), as well as
enhance natural carbon removal processes (e.g., by reforestation
of previously deforested areas)®8. To contribute to climate
mitigation efforts, NbCS would need to slow the carbon loss from,
and subsequently increase the amount of carbon stored in, nat-
ural systems. To contribute specifically to achieving net-zero
emissions targets, NbCS would need to achieve net carbon
removal from the atmosphere beyond what would be achieved via
natural processes only. To further contribute to limiting climate
warming, we also need to ensure that NbCS do not have addi-
tional climate effects that might counter the climate benefit of
enhanced carbon sequestration!!. And in all cases, the timescale
over which carbon remains stored in nature is likely a key
determinant of its net climate benefit.

Previous analyses of the global potential of NbCS have sug-
gested that a combination of avoided land-use CO, emissions and
enhanced carbon sequestration in natural systems could provide
more than one-third of the mitigation effort between now and
2030 that would be needed to stabilize warming below 2 °C®. This
positioning of NbCS-based mitigation activities as equivalent to
and interchangeable with fossil fuel CO, emissions reductions
carries an implicit assumption that the removed (or not emitted)
carbon will be permanently sequestered. This is a critical
assumption that has not been well acknowledged in the literature
to date; indeed, anything less than permanent storage would
result in only a temporary climate benefit that would not match
the multi-century to millennial-scale warming caused by fossil
fuel CO, emissions!>13, However, the permanence of carbon
storage in natural ecosystems cannot in reality be guaranteed,
given its vulnerability to both human-driven (e.g., deforestation
or other land-use change) and climate-related (e.g., wildfire,
drought, or insect) disturbances that could occur at any time in
the foreseeable or unforeseeable future!4-1°. Quantifying the
near-term carbon sequestration potential of NbCS®?-20 is there-
fore not sufficient to gauge the potential contribution of NbCS to
the long-term temperature goal of the Paris Agreement. Rather
than assuming permanent storage via NbCS, we should in fact
assume that some or all of this carbon storage will be temporary
and then ask: to what extent will temporary carbon sequestration
via NbCS contribute to meeting our climate mitigation goals?

Here we assess and quantify the climate and carbon cycle
implications of nature-based carbon removal resulting in tem-
porary storage in land ecosystems, when implemented alongside
Shared Socioeconomic Pathway (SSP) climate mitigation sce-
narios. We use two scenarios which span a plausible range of
future mitigation ambition, from relatively weak (SSP2-4.5, with
continued CO, emissions through 2100) to very strong (SSP1-1.9,
with CO, emissions reaching net-zero by mid-century) (See
Methods). We use an intermediate-complexity global climate
model?! to simulate the near-term rate of temperature increase,
the peak temperature change, and the long-term temperature
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trajectory in response to a set of emissions scenarios which
include both global decarbonization efforts and temporary land-
based enhanced carbon storage (see Methods). We simulated
land-based sequestration first as an idealized scenario with pre-
scribed CO, removal and second using the model’s dynamic
vegetation component to simulate an expansion of global forest
cover. In both cases, the modeling setup reflects a case where
NbCS are used to withdraw carbon from the atmosphere over the
next three decades, followed by the stored carbon being gradually
released back to the atmosphere during the second half of this
century.

Results

Idealized temporary carbon removal. We implemented three
idealized NbCS scenarios based on estimates of the feasible
potential of NbCS-based carbon removal®?2, in which we pre-
scribed an increasing rate of removal beginning in 2020, and
reaching a maximum removal rate at 2030 of 3.6422 and 10.4°
GtCO, per year relative to the baseline scenario emissions (see
Methods). In two of the scenarios, we then decreased this rate of
removal after 2030 to zero at the year 2056, resulting in cumu-
lative removals of 81 and 173 GtCO, in the two scenarios; in the
third, we sustained the higher removal rate of 10.4 GtCO, per
year until the year 2050 before decreasing it to zero at 2056,
leading to a cumulative removal of 316 GtCO, (Fig. 1a, d). In all
three scenarios, this removed carbon was subsequently fully or
partially (50%) returned to the atmosphere after 2056. In the case
of full return of removed carbon, cumulative CO, emissions at
the year 2100 were equivalent to the baseline SSP scenarios,
whereas the 50% return scenarios led to slightly lower cumulative
emissions at 2100. In response to this temporary carbon removal,
mid-century atmospheric CO, concentrations were decreased by
between 7 and 28 ppm across the two SSP and three carbon
removal scenarios (Fig. 1b). This represents a carbon removal
effectiveness of between 63 and 69% (i.e., between 31 and 37% of
the removed CO, was offset by reduced carbon uptake by the
land and ocean carbon cycle).

Given the absence of any biophysical land-surface changes in
these simulations, the global temperature response to this
prescribed temporary carbon removal was closely proportional
to the change in cumulative CO, emissions, reaching a maximum
difference of between 0.04 and 0.17 °C below the temperatures in
the SSP baseline scenarios (Fig. 1c). This represents a global
temperature response of between 0.5 and 0.55 °C per 1000 GtCO,
removal, similar to that found in previous idealized carbon
removal experiments using this model?3. In the case of the SSP1-
1.9 scenario, this difference led to a decreased peak temperature
level of between 0.03 and 0.07 °C (Fig. le), whereas for SSP2-4.5
temperatures did not peak during the 215¢ century and the effect of
temporary carbon removal was rather to delay the occurrence of a
particular level of warming: by 0 to 1 year for 1.5°C and by 2 to
8 years for 2 °C (Fig. 1c). For both scenarios, the annual warming
rate between 2020 and 2050 decreased in response to the
prescribed carbon removal, with subsequently higher rates during
the second half of the century. Both global temperature differences
and changes to the rate of warming were temporary effects in our
simulations. The full return of removed carbon caused the
temperature to return to the level of the baseline SSP scenarios
shortly after the year 2100, whereas partial (50%) return led to
end-of-century temperatures that remained between 0.02 and
0.08 °C below the baseline scenario temperatures at the year 2100.

Reforestation-based temporary carbon removal. The simula-
tions presented in Fig. 1 show the potential climate response to a
prescribed temporary carbon removal scenario, but do not
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Fig. 1 Climate response to prescribed temporary carbon removal scenarios. a, d Prescribed CO, removal and subsequent full or partial (50%) return to
the atmosphere resulted in cumulative temporary removals of 81 (purple lines/bars), 173 (orange lines/bars), and 316 (blue lines/bars) GtCO, relative to
the baseline scenarios (red lines/bars). b Atmospheric CO, decreased by maximum amounts of 7 to 28 ppm across scenarios in response to the

prescribed removal. ¢, e Global temperatures decreased by a maximum amount of 0.04 to 0.17, relative to the baseline SSP scenarios, and in the SSP1-
1.9 scenario peak temperatures decreased by between 0.03 and 0.07 °C. The effect on long-term temperature in the SSP1-1.9 scenario depended on the
longevity of the stored carbon: fully temporary storage (solid lines in panels a-¢) caused temperatures to return to the baseline scenario temperature by
the end of the century, whereas if 50% of the stored carbon was assumed to be stored permanently (dotted lines), the effect on global temperature was

similarly sustained.

represent any particular type of NbCS, many of which would have
additional effects on climate beyond the removal of CO,>!1. In
the case of NbCS that lead to vegetation cover changes, these
additional biophysical effects would include modified surface
albedo, evapotranspiration, and surface roughness, as well as
effects on atmospheric circulation and cloud characteristics?4-27.
In particular, forest-based NbCS such as afforestation and
reforestation have the potential to affect climate via all of these
biophysical mechanisms in addition to the effect of carbon
sequestration®?-26-28-30_ Here, we assessed the specific case of a
temporary reforestation-based NbCS scenario, in which we
allowed forest distributions in the model to regrow to their

historical (the year 1920) extent between 2020 and 2056, and then
gradually returned forest cover to their SSP scenario-projected
distributions between 2056 and 2100 (see Methods). Modeled
results, therefore, included both a temporary removal of atmo-
spheric CO, and the associated biophysical changes resulting
from simulated forest cover changes. In the climate model used
here, these biophysical effects include surface albedo, evapo-
transpiration, and roughness length changes, but not changes in
cloud cover whose distribution is a prescribed and non-dynamic
component of our atmospheric model.

Our SSP1-1.9 forest regrowth scenario led to an increase of
approximately 3.6 million km? of increased forested area in the
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Fig. 2 Climate response to a temporary reforestation-driven carbon removal scenario. a Reforestation to the year 1920 forest extent led to an additional
129 GtCO, of land carbon storage relative to the baseline SSP1-1.9 scenario, which was subsequently returned to the atmosphere during the second half of
this century. b Atmospheric CO, concentrations decreased by 12.3 ppm in response to this increase in land carbon storage. ¢ Peak temperature in this
scenario decreased by 0.022 °C, with the maximum temperature decrease relative to baseline scenario reaching 0.045°C around the year 2060. The
primary biophysical effect of expanded global forest cover was to decrease land surface albedo, which consequently decreased the climate response to
reforestation by about 45% relative to the temperature change that would have occurred in response to only carbon sequestration.

model, resulting in an additional land carbon storage of 129
GtCO, at mid-century relative to the no-regrowth scenario
(difference between blue and red lines in Fig. 2a). This
sequestered carbon was subsequently returned to the atmosphere
by the year 2100 in response to the prescribed return to scenario-
projected forest cover distributions at the end of the century.
Interestingly, the land carbon increase simulated here was the
result of two opposing processes in the model. Reforestation alone
would have resulted in an additional 156 GtCO, of land carbon
increase (dotted blue line in Fig. 2a; see Methods). However, the
resulting decrease in atmospheric CO,, which reached a
maximum of 12.3 ppm below the baseline CO, concentration
(Fig. 2b), caused land vegetation everywhere in the model to
sequester less carbon as a result of a decreased global CO,
fertilization effect. This vegetation feedback decreased total land
carbon in the reforestation simulation by 27 GtCO, (difference
between the dotted and solid blue lines in Fig. 2a), resulting in a
net land carbon increase of 129 GtCO, (solid blue line in Fig. 2a).

The global temperature response to this reforestation-based
carbon removal scenario was considerably less pronounced than
in the idealized removal scenario on account of the biophysical
effects (most notably the surface albedo decrease) caused by
expanded forest cover (Fig. 2c). The temperature difference
caused by reforestation reached 0.045 °C at the time of maximum
forest carbon increase, and peak temperatures in this simulation

were 0.022 °C lower than in the baseline simulation (Fig. 2¢). This
represents a global temperature response to the removal of 0.3 °C
per 1000 GtCO, of removal. Compared to the idealized case in
Fig. 1 (0.5 to 0.55 °C per 1000 GtCO, of removal), this means that
a unit removal of carbon via global reforestation in our model is
about 45% less effective at decreasing global temperatures as
compared to NbCS strategies that do not affect land surface
albedo. Indeed, when we removed the biophysical effects from the
reforestation simulation (dashed green line in Fig. 2¢; see
Methods) the maximum temperature difference was 0.08 °C
(with a peak temperature decrease of 0.045°C) representing
equivalent global temperature effectiveness of removal as in the
idealized removal simulations. This result emphasizes the
potentially significant non-CO, biophysical effects of NbCS
implementation; our model does not represent all such potential
effects, however, most notably that of changing cloud cover in
response to forest distribution changes which has been shown to
cause a local cooling effect in response to increased forest
cover26:30, Tt is likely therefore that including a more complete
representation of non-carbon effects would cause temperature
changes in this scenario to fall somewhere within the green
shaded region of Fig. 2c, rather than following either the blue or
green lines.

The magnitude of the biophysical surface albedo offset to
reforestation-based  carbon removal varied considerably
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Fig. 3 Spatial pattern of climate response to carbon sequestration and surface albedo changes resulting from temporary reforestation scenarios. a Our
scenario of reversed historical deforestation led to a global land carbon increase of 129 GtCO,, which occurred primarily in tropical and subtropical regions.
b The primary biophysical effect of expanded forest cover was to decrease land surface albedo in areas of significant reforestation. d These surface albedo

decreases led to a spatial pattern of warming that was concentrated in areas

of larger forest cover increase, whereas ¢ the cooling due to carbon

sequestration was larger at higher latitudes owing to regionally stronger climate feedbacks. e Consequently, the pattern of the net climate response to
reforestation showed cooling over most of the land areas, but a small net warming over some tropical continental regions.

depending on where reforestation occurred in our simulation.
Our scenario of a reversed historical deforestation pattern
resulted in a particular spatial pattern of land carbon increase
(Fig. 3a) that reflects where our model’s climate would support
the growth of forests in regions that were converted from natural
vegetation cover to agriculture or pasture between 1920 and 2020.
The resulting global land surface albedo decrease was 0.0015 (0.15
percentage points), with regional decreases of up to 0.02 (2
percentage points) in areas of high reforestation (Fig. 3b). The
climate consequence of this pattern of surface albedo decreases
(Fig. 3d) shows a clear pattern of regional warming localized
around areas of forest carbon increase and associated surface
albedo decrease. In contrast, the cooling due to only carbon
sequestration (Fig. 3c) occurred globally, with larger cooling at
higher latitudes owing to stronger regional positive feedbacks that

amplified the response to lowered atmospheric CO,. Conse-
quently, though the global effect of reforestation in this model
was to cool the climate, regions of the highest level of
reforestation showed a small regional warming on account of a
regionally larger albedo effect compared to the global effect of
carbon sequestration at that location (Fig. 3e).

Discussion and conclusions

Our results show that successful carbon sequestration via NbCS
can have climate benefit, even in the case that the carbon storage
is temporary such that the stored carbon is returned to the
atmosphere later this century. However, the most important cli-
mate benefit—a decrease in the level of peak warming—is only
realized in a scenario where fossil fuel CO, emissions are
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decreased rapidly to net-zero, resulting in global temperatures
that peak and decline during the time period that NbCS-stored
carbon remains sequestered in nature. This implies that realizing
a tangible climate benefit from NbCS will require net-zero fossil
fuel CO, emissions to be achieved on the same timescale as the
successful implementation of NbCS. In the absence of this level of
stringency in future mitigation efforts, temporary NbCS-based
carbon storage would not affect peak warming and would serve
only to delay the occurrence of a given warming level, with no
other long-term climate benefit.

Our results also demonstrate the need to better assess the
potential non-CO, climate effects of NbCS. Here, we quantified
the effect of albedo and other biophysical changes associated with
global reforestation efforts, and can conclude that NbCS methods
that lead to decreased surface albedo will have a reduced climate
benefit. Previous discussions of NbCS options have highlighted
tropical forest reforestation as a more robust climate strategy
compared to high-latitude reforestation for exactly this
reason®20-28:29; our results suggest that even tropical forest
restoration has a substantial albedo-related penalty associated
with it, given that our reforestation scenario resulted in primarily
tropical and subtropical forest carbon sequestration. We note,
however, that our model is not able to simulate all of the non-
CO, effects of reforestation; notably, we do not simulate changes
in cloud cover, which have been shown to have a regional cooling
effect in response to both tropical and mid-latitude forest cover
increases?>30, Previous reviews of NbCS options have also
highlighted wetland restoration and soil carbon sequestration as
no-regrets options with few negative consequences!?. However,
wetland restoration would also change surface albedo, as well as
the balance of carbon vs. methane emissions from the
landscape3!. Similarly, soil carbon sequestration could also lead to
altered surface albedo, particularly if achieved via the addition of
biochar3233, On the other hand, there is also the potential for
synergies between carbon and biophysical effects of some NbCS
approaches, particularly in response to improved management
practices within existing forested®* or agricultural3>=38 land-
scapes. Both our analysis and the existing literature on this topic
suggest a need to better quantify the full Earth-system response to
both reforestation and a broader range of other NbCS approaches
so as to be able to better estimate the net climate response to these
proposed solutions.

Perhaps the most salient implication of our results is to chal-
lenge the prevailing narrative surrounding the role of NbCS in
climate mitigation. Recent claims of the carbon storage potential
of NbCS67:9:20:39 have generally positioned NbCS as a contribu-
tion to climate mitigation that is interchangeable with other
emission reduction options. The framing of land-based mitigation
as a potential emissions-reduction wedge has been long-standing
in the literature?041, but fails to acknowledge that the climate
effect of nature-based carbon sequestration is only equivalent to a
fossil fuel CO, emissions reduction if: (1) the carbon is perma-
nently sequestered in nature; and (2) the additional non-CO,
effects of NbCS are small relative to the climate benefit of carbon
sequestration. Our analysis here shows that if permanence is not
achieved, the climate benefit is also temporary and that this
benefit has the further potential to be significantly weakened by
non-CO, climate effects. Both findings lead us to question the
wedge-based framework that positions NbCS efforts as inter-
changeable with fossil fuel emissions reductions. Rather, we show
that the potential for NbCS to decrease peak warming depends on
NbCS implementation alongside a rapid transition to net-zero
fossil fuel CO, emissions.

There are of course many potential social and environmental
benefits to investing in protecting and restoring nature, beyond
carbon sequestration, which can also help mitigate climate

risks®3%42, Well-designed stewardship or conservation of natural
systems can have immediate and direct benefits to local envir-
onmental conditions, and could also benefit local and indigenous
communities*3. Biodiversity, water, and air quality are valuable
ecosystem services in and of themselves, and efforts to enhance
these can also help to build community resilience to climate
change3®#344, Our analysis suggests that near-term carbon
sequestration potential could represent an additional co-benefit
among a range of other environmental and social benefits
resulting from improved nature stewardship and conservation.
However, the climate mitigation potential of this carbon
sequestration will likely only be realized if it is treated as an
addition (and not an alternative) to rapid fossil fuel emissions
reductions.

Methods

We used the University of Victoria Earth System Climate Model (UVic ESCM)
version 2.102145, an intermediate-complexity global climate model with a spatial
resolution of 3.6° longitude and 1.8° latitude. Model subcomponents include a
three-dimensional general circulation ocean model with 19 vertical layers*>, a
single-layer energy-moisture balance atmospheric model*3, a dynamic-
thermodynamic sea-ice model*®, a land-surface and dynamic vegetation model
with five plant functional types?®, and an interactive land and ocean carbon cycle?”
that includes representation of ocean sediments!2 and permafrost carbon®3. This
model is well suited to the efficient simulation of multi-century climate responses
to CO, emissions and other climate forcings, and can additionally represent the
climate response to spatial land-use changes*®. Plant functional types in the
dynamic vegetation model include needleleaf and broadleaf trees, C3 and C4
grasses, and shrubs, where agricultural cropland and pasture areas are represented
by either of the two grass functional types21464°, The most notable limitation of
this model is its non-dynamic atmosphere, which allows for computationally-
efficient long-timescale simulations, but without dynamic representation of
atmospheric circulation or cloud distributions; rather surface wind and cloud
albedo fields are prescribed from observations and held fixed over time2!:45, This
model has been used and validated extensively over the past two decades to look at
research questions such as assessing the effect of historical land-use change on
climate, estimating the magnitude of climate-carbon cycle feedbacks, and quanti-
fying the role of terrestrial and oceanic carbon cycle process in the context of both
past and future climate scenarios!249->2,

Using the UVic ESCM, we simulated the temporary storage of carbon via natural
climate solutions (NbCS) alongside two baseline climate mitigation scenarios. Both
baseline scenarios are drawn from the Shared Socioeconomic Pathways (SSP)
ensemble of future greenhouse gas concentration scenarios®3. Here, we selected two
greenhouse gas mitigation scenarios that span a plausible range of future mitigation
efforts, from a scenario of continued relatively weak effort (SSP2-4.5) to one of
very rapid and ambitious future emissions reductions (SSP1-1.9). The SSP2-

4.5 scenario reflects a middle-of-the-road future socioeconomic pathway that is
similar to current global conditions, with mitigation efforts that allow global
radiative forcing to continue to increase and then stabilize at 4.5 W/m? at the year
2100; this scenario represents a weak climate mitigation scenario in which global
CO, emissions peak around 2030-2040 and then decrease (but remain positive)
throughout the second half of the century. SSP1-1.9, by contrast, is a future sce-
nario of socioeconomic conditions oriented around sustainability principles,
combined with a rapid acceleration of global climate mitigation efforts that succeed
in lowering global radiative forcing to 1.9 W/m? at the year 2100; this scenario
represents a highly ambitious mitigation scenario with peak CO, emissions at the
year 2020 that decrease to net-zero at the year 2056 and then become net-negative
throughout the remainder of the century®3. Other non-CO, climate forcings were
included in the simulations, based on observations for the historical period, and
then following the forcing trajectories of SSP1-1.9 and SSP2-4.5, respectively. For
both scenarios, temporary natural carbon removal was prescribed to occur between
2020 and 2056 (the net-zero year of SSP1-1.9), and this stored carbon was then
returned to the atmosphere between 2056 and 2100.

We implemented this temporary carbon removal in two ways: first, as a per-
turbation to prescribed CO, emissions in the model and second by allowing forests
in the model to regrow to mid-19th century distributions. In the first case, this
represents an idealized implementation of natural climate solutions, with no
explicit modification of either the size of the modeled land carbon pool or of the
land-surface characteristics that would be associated with the implementation of
particular types of NbCS. The second case reflects a reforestation-based NbCS
scenario, in which carbon is sequestered by the land carbon pool, and both
vegetation distributions and the associated land-surface characteristics in the model
changed in response to this additional carbon storage.

Idealized carbon dioxide removal scenarios. For the first set of idealized carbon
dioxide removal scenarios, we implemented carbon removal due to NbCS by
adjusting prescribed fossil fuel + land-use CO, emissions to reflect the potential of
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nature-based carbon removal assessed by refs. %22, Prescribed CO, emissions were
decreased relative to the baseline scenario beginning in 2020, reaching a maximum
difference of 3.6422 or 10.4° GtCO, per year at the year 2030 below the baseline SSP
scenario. After 2030, this maximum removal rate was gradually decreased to
converge with the baseline emissions scenario at the year 2056, resulting in
cumulative removals of 80.7 GtCO, and 173.3 GtCO, in the two scenarios,
respectively. For the 10.4 GtCO, removal level, we also included a scenario in
which this amount of annual removal was sustained until 2050 (following the
projection of refs. 3%42), and then decreased to zero annual removal at the year
2056, resulting in a cumulative removal of 316 GtCO,. After the year 2056, this
removed CO, was either fully (100%) or partially (50%) returned to the atmosphere
by increasing prescribed emissions between 2056 and 2100 relative to the baseline
scenario. In this set of simulations, spatial distributions of agricultural areas were
prescribed up to the year 2020, during which time the model generated land-use
CO, emissions as a result of the conversion of forest to agricultural (grass) plant
functional types. After the year 2020, spatial distributions of agriculture were held
fixed and land-use emissions were prescribed according to the baseline SSP and
carbon removal scenarios described above.

Carbon removal via partial reforestation of agricultural areas. For the second
set of simulations, we used the same historical model simulation up to the year
2020. After the year 2020, rather than prescribing generic carbon removal scenarios
as above, we prescribed changes in agricultural areas in the model to allow the
expansion of forest vegetation and subsequent terrestrial carbon removal to be
simulated by the model’s dynamic vegetation and carbon cycle components?!. In
the base simulation without carbon removal, we prescribed spatial changes in
historical and future (scenario-determined) agricultural areas, with all other climate
drivers (fossil fuel CO, emissions and other climate forcings) equivalent to the
idealized removal scenarios above. Beginning in the year 2020, we implemented a
global reforestation scenario, in which forested areas were allowed to regrow from
2020 until 2056 to return to their historical extent of the year 1920. This forest
regrowth was then reversed between 2056 and 2100, returning forest cover to its
scenario-projected distribution at the end of the century.

In this simulation, the carbon sequestered by reforestation was simulated as an
increase in total land carbon in the model. However, the change in land carbon in
the model was affected by both forest regrowth (leading to increased land carbon)
as well as by the global vegetation response to the lower atmospheric CO, that
resulted from this increased land sequestration. This latter effect led to decreased
CO, fertilization relative to the baseline scenario such that the simulated increase in
land carbon was smaller than would have been achieved by reforestation alone in
the absence of the additional CO, concentration feedback. To separate these two
processes, we performed a third simulation in which the CO, concentration from
the baseline simulations was prescribed as an input to the reforestation simulation,
such that the effect of reforestation on land carbon storage was simulated in the
absence of any additional CO, concentration feedback to the simulated land carbon
changes.

The difference in global temperature change between the baseline and
reforestation simulations reflects the net climate effect of reforestation in this
model, accounting for both carbon storage and biophysical changes such as surface
albedo that also result from vegetation cover changes. To further separate the effect
of carbon storage and biophysical changes, we implemented a fourth simulation in
which the CO, concentration from the reforestation scenario was used to drive a
simulation that was otherwise equivalent to the baseline (no reforestation) scenario;
this third simulation, therefore, captured the climate effect of enhanced land
carbon storage in the absence of reforestation-induced surface albedo or other
biophysical changes.

We note that in this set of simulations, we have not made any attempt to
quantify or inform the discussion of what are feasible or optimal locations for
reforestation to occur so as to avoid conflict with other land uses or with
indigenous land rights*3. We chose a forest regrowth pattern that reflects the
reversal of historical deforestation in this model so as to quantify the climate
consequences of such reforestation efforts, but not to argue that this pattern of
reforestation has any particular rationale or merit.

Data availability
Model output data and analysis code used in this paper are available at https://doi.org/
10.20383/102.0552%4,

Code availability

The model code for version 2.10 of the UVic ESCM is available on the official UVic
ESCM webpage at http://terra.seos.uvic.ca/model/2.10. Custom model forcing files used
here, as well as analysis code used to produce figures are available at the above data
repository link.

Received: 3 November 2021; Accepted: 21 February 2022;
Published online: 17 March 2022

References

1. Rogelj, J., Geden, O., Cowie, A. & Reisinger, A. Three ways to improve net-
zero emissions targets. Nature 591, 365-368 (2021).

2. Matthews, H. D. et al. Opportunities and challenges in using remaining
carbon budgets to guide climate policy. Nat. Geosci. 13, 769-779 (2020).

3. Rickels, W,, Reith, F., Keller, D., Oschlies, A. & Quaas, M. F. Integrated
assessment of carbon dioxide removal. Earth’s Future 6, 565-582 (2018).

4. Cao, L. & Caldeira, K. Atmospheric carbon dioxide removal: long-term
consequences and commitment. Environ. Res. Lett. 5, 024011 (2010).

5. Keller, D. P. et al. The effects of carbon dioxide removal on the carbon cycle.
Curr. Clim. Change Rep. 4, 250-265 (2018).

6.  Griscom, B. W. et al. Natural climate solutions. Proc. Natl Acad. Sci. USA 114,
11645-11650 (2017).

7. Bossio, D. A. et al. The role of soil carbon in natural climate solutions. Nat.
Sustain 3, 391-398 (2020).

8. Girardin, C. A. J. et al. Nature-based solutions can help cool the planet — if we
act now. Nature 593, 191-194 (2021).

9. Drever, C. R. et al. Natural climate solutions for Canada. Sci. Adv. 7, eabd6034
(2021).

10. Smith, P. et al. Land-management options for greenhouse gas removal and
their impacts on ecosystem services and the sustainable development goals.
Annu. Rev. Environ. Resour. 44, 255-286 (2019).

11. Canadell, J. G. et al. Global carbon and other biogeochemical cycles and
feedbacks. In Climate Change 2021: The Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change 177 (Cambridge Univ. Press, in press).

12. Eby, M. et al. Lifetime of anthropogenic climate change: millennial time scales
of potential CO, and surface temperature perturbations. J. Climate 22,
2501-2511 (2009).

13. Matthews, H. D. & Caldeira, K. Stabilizing climate requires near-zero
emissions. Geophys. Res. Lett. 35, L04705 (2008).

14. Anderegg, W. R. L. et al. Climate-driven risks to the climate mitigation
potential of forests. Science 368, eaaz7005 (2020).

15. Harper, A. B. et al. Land-use emissions play a critical role in land-based
mitigation for Paris climate targets. Nat. Commun. 9, 2938 (2018).

16. Pugh, T. A. M., Arneth, A, Kautz, M., Poulter, B. & Smith, B. Important role
of forest disturbances in the global biomass turnover and carbon sinks. Nat.
Geosci. 12, 730735 (2019).

17. Wang, J. A,, Baccini, A., Farina, M., Randerson, J. T. & Fried], M. A.
Disturbance suppresses the aboveground carbon sink in North American
boreal forests. Nat. Clim. Chang. 11, 435-441 (2021).

18. Landry, J.-S., Matthews, H. D. & Ramankutty, N. A global assessment of the
carbon cycle and temperature responses to major changes in future fire
regime. Climatic Change 133, 179-192 (2015).

19. Erb, K.-H. et al. Unexpectedly large impact of forest management and grazing
on global vegetation biomass. Nature 553, 73-76 (2018).

20. Griscom, B. W. et al. National mitigation potential from natural climate
solutions in the tropics. Phil. Trans. R. Soc. B 375, 20190126 (2020).

21. Mengis, N. et al. Evaluation of the University of Victoria Earth System Climate
Model version 2.10 (UVic ESCM 2.10). Geosci. Model Dev. 13, 4183-4204
(2020).

22. Roe, S. et al. Contribution of the land sector to a 1.5 °C world. Nat. Clim.
Chang. 9, 817-828 (2019).

23. Zickfeld, K., Azevedo, D., Mathesius, S. & Matthews, H. D. Asymmetry in the
climate-carbon cycle response to positive and negative CO, emissions. Nat.
Clim. Chang. 11, 613-617 (2021).

24. Bright, R. M. et al. Local temperature response to land cover and management
change driven by non-radiative processes. Nat. Clim Change 7, 296-302
(2017).

25. Burakowski, E. et al. The role of surface roughness, albedo, and Bowen ratio
on ecosystem energy balance in the Eastern United States. Agric. For.
Meteorol. 249, 367-376 (2018).

26. Duveiller, G. et al. Revealing the widespread potential of forests to increase
low level cloud cover. Nat Commun. 12, 4337 (2021).

27. Hirsch, A. L. et al. Modelled biophysical impacts of conservation agriculture
on local climates. Glob. Change Biol. 24, 4758-4774 (2018).

28. Arora, V. K. & Montenegro, A. Small temperature benefits provided by
realistic afforestation efforts. Nat. Geosci. 4, 514-518 (2011).

29. Koch, A, Brierley, C. & Lewis, S. L. Effects of Earth system feedbacks on the
potential mitigation of large-scale tropical forest restoration. Biogeosciences 18,
2627-2647 (2021).

30. Cerasoli, S., Yin, J. & Porporato, A. Cloud cooling effects of afforestation and
reforestation at midlatitudes. Proc. Natl Acad. Sci. USA 118, €2026241118
(2021).

31. Hemes, K. S. et al. Assessing the carbon and climate benefit of restoring
degraded agricultural peat soils to managed wetlands. Agric. For. Meteorol.
268, 202-214 (2019).

32. Paustian, K. et al. Climate-smart soils. Nature 532, 49-57 (2016).

COMMUNICATIONS EARTH & ENVIRONMENT | (2022)3:65 | https://doi.org/10.1038/543247-022-00391-z | www.nature.com/commsenv 7


https://doi.org/10.20383/102.0552
https://doi.org/10.20383/102.0552
http://terra.seos.uvic.ca/model/2.10
www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00391-z

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Smith, P. et al. Biophysical and economic limits to negative CO, emissions.
Nat. Clim. Change 6, 42-50 (2016).

Schwaab, J. et al. Increasing the broad-leaved tree fraction in European forests
mitigates hot temperature extremes. Sci. Rep. 10, 14153 (2020).

Carrer, D., Pique, G., Ferlicoq, M., Ceamanos, X. & Ceschia, E. What is the
potential of cropland albedo management in the fight against global warming?
A case study based on the use of cover crops. Environ. Res. Lett. 13, 044030
(2018).

Davin, E. L., Seneviratne, S. I, Ciais, P., Olioso, A. & Wang, T. Preferential
cooling of hot extremes from cropland albedo management. Proc. Natl Acad.
Sci. USA 111, 9757-9761 (2014).

Lugato, E., Cescatti, A., Jones, A., Ceccherini, G. & Duveiller, G. Maximising
climate mitigation potential by carbon and radiative agricultural land
management with cover crops. Environ. Res. Lett. 15, 094075 (2020).
Seneviratne, S. I. et al. Land radiative management as contributor to regional-
scale climate adaptation and mitigation. Nat. Geosci. 11, 88-96 (2018).
Fargione, J. E. et al. Natural climate solutions for the United States. Sci. Adv. 4,
eaat1869 (2018).

Pacala, S. & Socolow, R. Stabilization wedges: solving the climate problem for
the next 50 years with current technologies. Science 305, 968-972 (2004).
Johnson, N., Gross, R. & Staffell, I. Stabilisation wedges: measuring progress
towards transforming the global energy and land use systems. Environ. Res.
Lett. 16, 064011 (2021).

Seddon, N. et al. Understanding the value and limits of nature-based solutions
to climate change and other global challenges. Phil. Trans. R. Soc. B 375,
20190120 (2020).

Seddon, N. et al. Getting the message right on nature-based solutions to
climate change. Glob. Change Biol. 27, 1518-1546 (2021).

Seddon, N., Turner, B., Berry, P., Chausson, A. & Girardin, C. A. J. Grounding
nature-based climate solutions in sound biodiversity science. Nat. Clim.
Change 9, 84-87 (2019).

Weaver, A. J. et al. The UVic earth system climate model: Model description,
climatology, and applications to past, present and future climates. Atmos.
Ocean 39, 361-428 (2001).

Meissner, K. J., Weaver, A. J., Matthews, H. D. & Cox, P. M. The role of land
surface dynamics in glacial inception: a study with the UVic Earth System
Model. Clim. Dyn. 21, 515-537 (2003).

Matthews, H. D., Weaver, A. ]. & Meissner, K. J. Terrestrial carbon cycle
dynamics under recent and future climate change. J. Clim. 18, 1609-1628
(2005).

MacDougall, A. H., Avis, C. A. & Weaver, A. J. Significant contribution to
climate warming from the permafrost carbon feedback. Nat. Geosci. 5,
719-721 (2012).

Matthews, H. D., Weaver, A. J., Meissner, K. J., Gillett, N. P. & Eby, M.
Natural and anthropogenic climate change: incorporating historical land cover
change, vegetation dynamics and the global carbon cycle. Clim. Dyn. 22,
461-479 (2004).

Zickfeld, K., Eby, M., Matthews, H. D., Schmittner, A. & Weaver, A. J.
Nonlinearity of carbon cycle feedbacks. J. Clim. 24, 4255-4275 (2011).
Schmittner, A., Urban, N. M., Keller, K. & Matthews, D. Using tracer
observations to reduce the uncertainty of ocean diapycnal mixing and climate-
carbon cycle projections. Glob. Biogeochem. Cycles 23, GB4009 (2009).
Matthews, H. D., Eby, M., Weaver, A. J. & Hawkins, B. J. Primary productivity
control of simulated carbon cycle-climate feedbacks. Geophys. Res. Lett. 32,
L14708 (2005).

53. Meinshausen, M. et al. The shared socio-economic pathway (SSP) greenhouse
gas concentrations and their extensions to 2500. Geosci. Model Dev. 13,
3571-3605 (2020).

54. Maclsaac, A. . et al. Temporary nature-based carbon removal can lower peak
warming in a well-below 2 C scenario - Supplementary data. Federated
Research Data Repository. https://doi.org/10.20383/102.0552 (2022).

Acknowledgements

The authors are grateful to Microsoft Corporation who provided funding to support the
production of this manuscript, as well as the Natural Science and Engineering Research
Council of Canada (Discovery Grants Program, RGPIN-2017-04159).

Author contributions

HDM, KZ, and AL developed the research questions and designed the study. AJM and
SM performed the model simulations. C-MN and MD analyzed the model output and
produced figures for the manuscript. HDM led the writing of the manuscript in con-
sultation with all authors, who also provided editorial feedback through the writing
process.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43247-022-00391-z.

Correspondence and requests for materials should be addressed to H. Damon Matthews.

Peer review information Communications Earth & Environment thanks Remi Cardinael
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Primary Handling Editor: Heike Langenberg. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

COMMUNICATIONS EARTH & ENVIRONMENT | (2022)3:65 | https://doi.org/10.1038/s43247-022-00391-z | www.nature.com/commsenv


https://doi.org/10.20383/102.0552
https://doi.org/10.1038/s43247-022-00391-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv

	Temporary nature-based carbon removal can lower peak warming in a well-below 2 °C scenario
	Results
	Idealized temporary carbon removal
	Reforestation-based temporary carbon removal

	Discussion and conclusions
	Methods
	Idealized carbon dioxide removal scenarios
	Carbon removal via partial reforestation of agricultural areas

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




