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Problem
• Temporary carbon storage has climate value


• But … it is not equal to an avoided fossil fuel CO2 emission 
(which is permanent)


• How could we account differently for the value of temporary 
storage?


• Our suggestion: use tonne-years, but NOT as an equivalence 
metric



What is a tonne-year?
Case 1: Avoided emissions



What is a tonne-year?
Case 2: Removal

} Tonne-years of carbon storage 
via reforestation/afforestation

= 1 tonne-year

= carbon present at start  
of accounting period



Tonne-year accounting
• Current approach: 

(1) Calculate tonnes of storage in some temporary reservoir 
(2) Compare the cost of emitting that carbon to the benefit of delaying 
that emission for some period of time 
(3) Claim that X tonne-years of temporary storage is equivalent to 1 
tonne of permanent storage


• Reimagined approach: 
(1) Calculate tonne years of land storage 
(2) Use the TCRE to infer degree-years of avoided warming 
(3) Track the changing climate benefit as a function of the rate of 
change of total tonne-years in the system
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Annual emissions: temporary vs. permanent storage

carbon (Fig. 2b, c). In the case of the earlier temperature peak of the
SSP1-1.9 scenario, both temporary storage scenarios led to a lower
peak temperature. In the later peak temperature scenario (SSP1-2.6),
peak temperature was only decreased in the case that some amount of
temporary storage was sustained until the second half of the century.
For the permanent storage simulations, the temperatures continued to
decrease relative to the baseline for as long as emissions remained
lower than the baseline emissions; when emissions returned to the
baseline level, the temperature difference was sustained for as long as
the carbon remained stored. The effect of our land carbon storage
scenarios did not depend on the background emission scenario, with
both SSP1-1.9 and SSP1-2.6 showing the same temperature difference
resulting from both temporary and permanent land storage (sce-
nario SSP1-1.9 is plotted in Fig. 2b).

From these simulations, we can identify a clear relationship
between tonne-years of land carbon storage (Fig. 2a) and the simulated
temperature difference (Fig. 2b). During the period of time that tonne-
years accumulated faster than linearly, global temperatures diverged
from the baseline temperatures. A constant rate of accumulation of
tonne-years resulted in a global temperature difference that remained
stable over time. However, a decreasing rate of tonne-year accumula-
tion resulted in a decreasing temperature difference, with tempera-
tures returning to the baseline at the time that total tonne-years
stopped accumulating.

These results suggest that tonne-year accounting could beused to
track the effect of stored land carbon over time, and to infer the
temperature benefit of that storage as a functionof the rate of increase
of the total number of tonne-years in the system. A constant rate of
tonne-year accumulation would result in a sustained temperature
benefit. An increasing rate of tonne-year accumulation would result in
an increasing temperature benefit over time. A decreasing rate of
accumulation would result in the erosion of previously accrued tem-
perature benefit. Constant tonne-years over time would mean that all

previous temperature benefit has been lost and global temperature
will have returned to where it would have been in the absence of any
temporary carbon storage.

Importantly then, the potential for temporary land carbon sto-
rage to lower peak warming can also be tracked as a function of
the rate of accumulation of total tonne-years. If the total number
of tonne-years increases linearly or faster than linearly until
the time that fossil fuel CO2 emissions reach net zero, then the
resulting temporary land carbon storage would lower the peak
temperature that is reached. However, if the rate of tonne-year
accumulation slows and decreases to zero before net-zero fossil fuel
CO2 emissions are achieved, this temporary land carbon storage
would have no effect on peak warming (Fig. 2).

What is the climate equivalent of a tonne-year?
The proportionality of cumulative emissions to global temperature
change is well represented by the Transient Climate Response to
cumulative CO2 Emissions (TCRE), where the TCRE is a constant value
that approximates the temperature increase caused by total CO2

emissions over time21,22. This TCRE relationship can be applied to the
case of carbon removal and storage as follows:

ΔTðtÞ=TCRE*ðEðtÞ#RðtÞÞ ð1Þ

Here, ∆T(t) is the global temperature change over time, E(t)
represents the cumulative emissions and R(t) represents the cumula-
tive CO2 removals achieved over time via land carbon storage. Simi-
larly, the temperature difference from the baseline scenario in our land
carbon storage simulations is proportional to the cumulative avoided
(removed) land CO2 emissions:

ΔTRðtÞ=TCRE*RðtÞ ð2Þ
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Fig. 1 | Prescribed land-use CO2 emission scenarios. a Annual land-use CO2

emissions, representing the net land carbon flux for the baseline scenario (black
line), two permanent storage scenarios (solid red and blue lines) and two tem-
porary storage scenarios (dashed purple and red lines). Permanent storage simu-
lations were represented by decreased emissions from the baseline, sustained until
2050 (solid red line) or until the end of the simulation (solid blue line). These
permanent storage simulations represent cases where decreased net land-use
emissions lead to increased land carbon storage that remains sequestered
throughout the simulation. Temporary storage simulation followed the same initial
decrease until either 2037 (purple dashed line) or 2050 (dashed red line), after
which emissions were abruptly increased relative to the baseline to represent a
switch from carbon sequestration to re-emission of previously stored carbon.

These temporary storage simulations represent a casewhere carbon is sequestered
until 2037 or 2050, and then gradually re-emitted to the atmosphere over a period
of either 15 years (dashed purple) or 50 years (dashed red). b Cumulative land-use
CO2 emissions, plotted relative to the year 2015, where lower cumulative emissions
represent either avoided land-use emissions or land-based carbon removal relative
to the baseline land-use emission scenario. For the temporary storage simulations,
the cumulative land-use emissions returned to the baseline level after all stored
carbon was re-emitted, whereas permanent storage resulted in lower cumulative
land-use CO2 emissions throughout the simulation. The shaded area in (b) illus-
trates the total number of tonne-years of storage achieved in the 2050 temporary
storage scenario. Note that in both panels, overlapping lines are offset slightly for
improved clarity. Source data are provided as a Source data file.
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Cumulative emissions and tonne-years

carbon (Fig. 2b, c). In the case of the earlier temperature peak of the
SSP1-1.9 scenario, both temporary storage scenarios led to a lower
peak temperature. In the later peak temperature scenario (SSP1-2.6),
peak temperature was only decreased in the case that some amount of
temporary storage was sustained until the second half of the century.
For the permanent storage simulations, the temperatures continued to
decrease relative to the baseline for as long as emissions remained
lower than the baseline emissions; when emissions returned to the
baseline level, the temperature difference was sustained for as long as
the carbon remained stored. The effect of our land carbon storage
scenarios did not depend on the background emission scenario, with
both SSP1-1.9 and SSP1-2.6 showing the same temperature difference
resulting from both temporary and permanent land storage (sce-
nario SSP1-1.9 is plotted in Fig. 2b).

From these simulations, we can identify a clear relationship
between tonne-years of land carbon storage (Fig. 2a) and the simulated
temperature difference (Fig. 2b). During the period of time that tonne-
years accumulated faster than linearly, global temperatures diverged
from the baseline temperatures. A constant rate of accumulation of
tonne-years resulted in a global temperature difference that remained
stable over time. However, a decreasing rate of tonne-year accumula-
tion resulted in a decreasing temperature difference, with tempera-
tures returning to the baseline at the time that total tonne-years
stopped accumulating.

These results suggest that tonne-year accounting could beused to
track the effect of stored land carbon over time, and to infer the
temperature benefit of that storage as a functionof the rate of increase
of the total number of tonne-years in the system. A constant rate of
tonne-year accumulation would result in a sustained temperature
benefit. An increasing rate of tonne-year accumulation would result in
an increasing temperature benefit over time. A decreasing rate of
accumulation would result in the erosion of previously accrued tem-
perature benefit. Constant tonne-years over time would mean that all

previous temperature benefit has been lost and global temperature
will have returned to where it would have been in the absence of any
temporary carbon storage.

Importantly then, the potential for temporary land carbon sto-
rage to lower peak warming can also be tracked as a function of
the rate of accumulation of total tonne-years. If the total number
of tonne-years increases linearly or faster than linearly until
the time that fossil fuel CO2 emissions reach net zero, then the
resulting temporary land carbon storage would lower the peak
temperature that is reached. However, if the rate of tonne-year
accumulation slows and decreases to zero before net-zero fossil fuel
CO2 emissions are achieved, this temporary land carbon storage
would have no effect on peak warming (Fig. 2).

What is the climate equivalent of a tonne-year?
The proportionality of cumulative emissions to global temperature
change is well represented by the Transient Climate Response to
cumulative CO2 Emissions (TCRE), where the TCRE is a constant value
that approximates the temperature increase caused by total CO2

emissions over time21,22. This TCRE relationship can be applied to the
case of carbon removal and storage as follows:

ΔTðtÞ=TCRE*ðEðtÞ#RðtÞÞ ð1Þ

Here, ∆T(t) is the global temperature change over time, E(t)
represents the cumulative emissions and R(t) represents the cumula-
tive CO2 removals achieved over time via land carbon storage. Simi-
larly, the temperature difference from the baseline scenario in our land
carbon storage simulations is proportional to the cumulative avoided
(removed) land CO2 emissions:

ΔTRðtÞ=TCRE*RðtÞ ð2Þ
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Fig. 1 | Prescribed land-use CO2 emission scenarios. a Annual land-use CO2

emissions, representing the net land carbon flux for the baseline scenario (black
line), two permanent storage scenarios (solid red and blue lines) and two tem-
porary storage scenarios (dashed purple and red lines). Permanent storage simu-
lations were represented by decreased emissions from the baseline, sustained until
2050 (solid red line) or until the end of the simulation (solid blue line). These
permanent storage simulations represent cases where decreased net land-use
emissions lead to increased land carbon storage that remains sequestered
throughout the simulation. Temporary storage simulation followed the same initial
decrease until either 2037 (purple dashed line) or 2050 (dashed red line), after
which emissions were abruptly increased relative to the baseline to represent a
switch from carbon sequestration to re-emission of previously stored carbon.

These temporary storage simulations represent a casewhere carbon is sequestered
until 2037 or 2050, and then gradually re-emitted to the atmosphere over a period
of either 15 years (dashed purple) or 50 years (dashed red). b Cumulative land-use
CO2 emissions, plotted relative to the year 2015, where lower cumulative emissions
represent either avoided land-use emissions or land-based carbon removal relative
to the baseline land-use emission scenario. For the temporary storage simulations,
the cumulative land-use emissions returned to the baseline level after all stored
carbon was re-emitted, whereas permanent storage resulted in lower cumulative
land-use CO2 emissions throughout the simulation. The shaded area in (b) illus-
trates the total number of tonne-years of storage achieved in the 2050 temporary
storage scenario. Note that in both panels, overlapping lines are offset slightly for
improved clarity. Source data are provided as a Source data file.
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Tonne-years and avoided warming
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temperature benefit
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Fig. 2 | The climate effect of tonne-years of land carbon storage. a. Tonne-years
increased in all simulations, where permanent storage (solid red and blue lines) is
characterised by a constant or increasing rate of accumulation of tonne-years. In
contrast, temporary storage (dashed red and purple lines) resulted in an increasing
rate of accumulation during the time that the amount of stored carbon was
increasing, followed by a decreasing rate of accumulation when previously stored
carbon began to be re-emitted. When all stored carbon had been lost, the number
of tonne-years stopped increasing and remained constant over time. b. The global
temperature difference from the baseline was proportional to the rate of accu-
mulation of tonne years, such that a constant or increasing rate of tonne-year

accumulation resulted in a sustainedor increasing temperature difference from the
baseline. A decreasing rate of tonne-year accumulation led to the erosion of the
temperature difference, followed by temperatures returning to the baseline when
tonne-years stopped increasing. c. In cases where a constant or increasing rate of
tonne-year accumulation was sustained past the point of peak temperature, this
resulted in a lower temperature peak. The four cases labelled in the figure highlight
representative periods of time along each tonne-year trajectory inwhich the rate of
accumulation of tonne-years increased (Case 1), remained constant (Case 2),
decreased (Case 3) or was equal to zero (Case 4). Source data are provided as a
Source Data file.
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Tonne-years and avoided warming
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Fig. 2 | The climate effect of tonne-years of land carbon storage. a. Tonne-years
increased in all simulations, where permanent storage (solid red and blue lines) is
characterised by a constant or increasing rate of accumulation of tonne-years. In
contrast, temporary storage (dashed red and purple lines) resulted in an increasing
rate of accumulation during the time that the amount of stored carbon was
increasing, followed by a decreasing rate of accumulation when previously stored
carbon began to be re-emitted. When all stored carbon had been lost, the number
of tonne-years stopped increasing and remained constant over time. b. The global
temperature difference from the baseline was proportional to the rate of accu-
mulation of tonne years, such that a constant or increasing rate of tonne-year

accumulation resulted in a sustainedor increasing temperature difference from the
baseline. A decreasing rate of tonne-year accumulation led to the erosion of the
temperature difference, followed by temperatures returning to the baseline when
tonne-years stopped increasing. c. In cases where a constant or increasing rate of
tonne-year accumulation was sustained past the point of peak temperature, this
resulted in a lower temperature peak. The four cases labelled in the figure highlight
representative periods of time along each tonne-year trajectory inwhich the rate of
accumulation of tonne-years increased (Case 1), remained constant (Case 2),
decreased (Case 3) or was equal to zero (Case 4). Source data are provided as a
Source Data file.
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Fig. 2 | The climate effect of tonne-years of land carbon storage. a. Tonne-years
increased in all simulations, where permanent storage (solid red and blue lines) is
characterised by a constant or increasing rate of accumulation of tonne-years. In
contrast, temporary storage (dashed red and purple lines) resulted in an increasing
rate of accumulation during the time that the amount of stored carbon was
increasing, followed by a decreasing rate of accumulation when previously stored
carbon began to be re-emitted. When all stored carbon had been lost, the number
of tonne-years stopped increasing and remained constant over time. b. The global
temperature difference from the baseline was proportional to the rate of accu-
mulation of tonne years, such that a constant or increasing rate of tonne-year

accumulation resulted in a sustainedor increasing temperature difference from the
baseline. A decreasing rate of tonne-year accumulation led to the erosion of the
temperature difference, followed by temperatures returning to the baseline when
tonne-years stopped increasing. c. In cases where a constant or increasing rate of
tonne-year accumulation was sustained past the point of peak temperature, this
resulted in a lower temperature peak. The four cases labelled in the figure highlight
representative periods of time along each tonne-year trajectory inwhich the rate of
accumulation of tonne-years increased (Case 1), remained constant (Case 2),
decreased (Case 3) or was equal to zero (Case 4). Source data are provided as a
Source Data file.
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Degree-years of avoided warming



Effect on peak warming?
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Fig. 2 | The climate effect of tonne-years of land carbon storage. a. Tonne-years
increased in all simulations, where permanent storage (solid red and blue lines) is
characterised by a constant or increasing rate of accumulation of tonne-years. In
contrast, temporary storage (dashed red and purple lines) resulted in an increasing
rate of accumulation during the time that the amount of stored carbon was
increasing, followed by a decreasing rate of accumulation when previously stored
carbon began to be re-emitted. When all stored carbon had been lost, the number
of tonne-years stopped increasing and remained constant over time. b. The global
temperature difference from the baseline was proportional to the rate of accu-
mulation of tonne years, such that a constant or increasing rate of tonne-year

accumulation resulted in a sustainedor increasing temperature difference from the
baseline. A decreasing rate of tonne-year accumulation led to the erosion of the
temperature difference, followed by temperatures returning to the baseline when
tonne-years stopped increasing. c. In cases where a constant or increasing rate of
tonne-year accumulation was sustained past the point of peak temperature, this
resulted in a lower temperature peak. The four cases labelled in the figure highlight
representative periods of time along each tonne-year trajectory inwhich the rate of
accumulation of tonne-years increased (Case 1), remained constant (Case 2),
decreased (Case 3) or was equal to zero (Case 4). Source data are provided as a
Source Data file.
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Fig. 2 | The climate effect of tonne-years of land carbon storage. a. Tonne-years
increased in all simulations, where permanent storage (solid red and blue lines) is
characterised by a constant or increasing rate of accumulation of tonne-years. In
contrast, temporary storage (dashed red and purple lines) resulted in an increasing
rate of accumulation during the time that the amount of stored carbon was
increasing, followed by a decreasing rate of accumulation when previously stored
carbon began to be re-emitted. When all stored carbon had been lost, the number
of tonne-years stopped increasing and remained constant over time. b. The global
temperature difference from the baseline was proportional to the rate of accu-
mulation of tonne years, such that a constant or increasing rate of tonne-year

accumulation resulted in a sustainedor increasing temperature difference from the
baseline. A decreasing rate of tonne-year accumulation led to the erosion of the
temperature difference, followed by temperatures returning to the baseline when
tonne-years stopped increasing. c. In cases where a constant or increasing rate of
tonne-year accumulation was sustained past the point of peak temperature, this
resulted in a lower temperature peak. The four cases labelled in the figure highlight
representative periods of time along each tonne-year trajectory inwhich the rate of
accumulation of tonne-years increased (Case 1), remained constant (Case 2),
decreased (Case 3) or was equal to zero (Case 4). Source data are provided as a
Source Data file.
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Conclusions
• Tonne-years could be reimagined to track the climate benefit of 

temporary AND permanent storage


• Tonne-years of carbon storage are proportional to degree-years of 
avoided warming


• Amount of avoided warming is proportional to the rate of increase of 
total tonne years


• If tonne years increase at a constant or increasing rate, the 
temperature benefit is sustained or increased


• If sustained until peak warming … then lower peak!


