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Recommended temperature metrics for
carbon budget estimates, model evaluation
and climate policy

12* Carl-Friedrich Schleussner®4>, Joeri Rogelj¢’, Martin B. Stolpe',
345 and Nathan P. Gillett®

Katarzyna B. Tokarska
H. Damon Matthews?, Peter Pfleiderer

Recent estimates of the amount of carbon dioxide that can still be emitted while achieving the Paris Agreement temperature
goals are larger than previously thought. One potential reason for these larger estimates may be the different temperature
metrics used to estimate the observed global mean warming for the historical period, as they affect the size of the remaining
carbon budget. Here we explain the reasons behind these remaining carbon budget increases, and discuss how methodological
choices of the global mean temperature metric and the reference period influence estimates of the remaining carbon budget.
We argue that the choice of the temperature metric should depend on the domain of application. For scientific estimates of total
or remaining carbon budgets, globally averaged surface air temperature estimates should be used consistently for the past and
the future. However, when used to inform the achievement of the Paris Agreement goal, a temperature metric consistent with
the science that was underlying and directly informed the Paris Agreement should be applied. The resulting remaining carbon
budgets should be calculated using the appropriate metric or adjusted to reflect these differences among temperature metrics.
Transparency and understanding of the implications of such choices are crucial to providing useful information that can bridge

the science-policy gap.

limiting global warming to a particular level implies a cap on

global total CO, emissions'. Defined as the total amount of
CO, that can be emitted while keeping global warming below a given
level with some probability, carbon budgets emerge from an approx-
imately linear relationship between warming and cumulative CO,
emissions, known as the transient climate response to cumulative
CO, emissions (TCRE)*®. The TCRE and related carbon budgets
were initially derived under idealized CO,-only emission scenarios®.
However, under real-world conditions, several factors complicate
the simplicity and clarity of the carbon budget concept. Emissions
other than CO, (such as methane, soot or sulphate aerosols) also
affect both global temperature and the state of carbon sinks (albeit to
a smaller extent than CO, itself*'?), and hence the size of the remain-
ing carbon budget. In addition to CO, emissions from fossil fuels
(which are well known), CO, emissions from other types of land-use
change represent a quarter of historical CO, emissions: these emis-
sions are difficult to diagnose, and are subject to large uncertainty
both in models'""> and in estimates derived from historical data
based on energy and industry statistics and land-use bookkeeping
methods®. To further complicate matters, estimates of historical
warming since pre-industrial times come with uncertainties due
to limited observational coverage', instrumental uncertainty and
uncertainties associated with constructing long-term temperature
datasets. Global warming can also be expressed in different ways
— for example, as near-surface air temperatures covering the entire

( : arbon budgets provide a tool for clearly communicating that

globe or as a combination of sea surface temperatures over open
ocean and near-surface air temperatures elsewhere'>'®, averaged
over locations where observations are present. Finally, interannual
and decadal variability adds further complications'”.

Several recent studies'®* and the Special Report on global
warming of 1.5 °C (SR1.5)*' of the Intergovernmental Panel on
Climate Change (IPCC) introduced a new approach to estimate
the remaining carbon budget. These studies report model-based
remaining carbon budgets for the additional warming from today
until we reach 1.5 °C or 2 °C of anthropogenic warming. This was a
departure from the previous approach of estimating the total carbon
budget since pre-industrial times, and then reporting the remaining
budget by subtracting emissions to date. The new approach in SR1.5
is a kind of bias correction, as it corrects for any inconsistencies in
simulated and observed warming as a function of cumulative emis-
sions over the historical period, and can potentially decrease uncer-
tainties in estimates of the remaining carbon budget, especially for
levels of warming relevant to the Paris Agreement™. As the remain-
ing carbon budgets for 1.5 °C or 2 °C are small, even adjustments
that are limited in absolute terms result in large relative changes.
For example, recent estimates of the remaining carbon budget for
1.5 °C are larger by more than a factor of two when compared with
those reported in the IPCC Fifth Assessment Report (AR5)** (see
fig. 2 in ref. ** and their supplementary table 2 for a comprehensive
comparison of the remaining carbon budget estimates from differ-
ent studies). This difference can be partly understood as a result of
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Fig. 1| Schematic representation of the effects of updating the baseline with respect to the cumulative CO, emissions and temperature change.

a,b, Remaining carbon budgets after updating the baseline (a) and with scaling of future warming (b). Arrow 1 represents the carbon cycle effect

(a correction for model biases in historical CO, emissions); arrow 2 represents the temperature effect (arising from the differences between modelled

and observed warming). The first yellow star (A) indicates the initial carbon budget at the 1.5 °C warming level with the original reference period (R).

The second yellow star (B or C) indicates the final (and larger) remaining carbon budget, calculated after updating the baseline to a present-day reference
period (R"). The shaded area represents the spread of the relationship between temperature (T) and cumulative CO, emissions (CE). The present-day
level of warming and cumulative CO, emissions is indicated by the dashed lines, as labelled, although the figure is for illustrative purposes only.

a higher temperature response to cumulative CO, emissions in the
Coupled Model Intercomparison Project Phase 5 (CMIP5)* models
used to inform the AR5 carbon budgets, compared with estimates of
historical CO, emissions and warming'***. However, recent insights
related to uncertainty in the observational temperature record also
suggest that part of the difference among carbon budget estimates is
related to the method of calculating historical warming that is used
in the analysis”.

Here we explain the reasons why carbon budget estimates
expressed relative to a more recent reference period differ from
previous ones, and separate these into differences caused by car-
bon cycle and temperature-driven components. We then clarify
how the choice of temperature metric affects the size of remaining
carbon budget estimates, and emphasize the need for transparency
and clarity about its implications. Finally, we provide recommenda-
tions for future estimates of remaining carbon budgets, along with
remaining challenges.

Effects underlying adjustments of the baseline
The effect of changing the baseline to a more recent period (from R
to R’; Fig. 1), can be separated into carbon cycle effects (arrow 1), and
temperature effects (arrow 2). First, the Earth system models (ESMs)
that were used to estimate the carbon budgets reported in IPCC AR5,
on average, underestimated carbon uptake (by land and ocean car-
bon sinks) in prescribed CO, concentration simulations. These mod-
els therefore, on average, estimated lower cumulative CO, emissions
over the historical period compared with CO, emissions estimated
from independent fossil fuel use and other data'®". Updating the
baseline to account for this carbon cycle bias thus leads to an increase
in the remaining carbon budget compared with those reported in
IPCC AR5 (arrow 1 in Fig. 1). Second, accounting for a possible dif-
ference in warming over the historical period results in a second off-
set (arrow 2 in Fig. 1). As the global mean temperature has already
increased by about 1 °C above pre-industrial levels*, even minor cor-
rections arising from methodological adjustments or model biases
can have a sizeable effect on the remaining 1.5 °C budget.
Remaining carbon budgets are often based on the likely (>66%
probability) TCRE range assessed by IPCC AR5* of 0.8 to 2.5 °C
per 1,000 PgC (where 1 PgC = 3.67 GtCO,). Several recent stud-
ies'®"” that updated the baseline did not alter the resulting TCRE
range: that is, they used the same slope for the relationship between
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temperature and cumulative emissions (TCRE) before and after
changing the baseline, as illustrated in Fig. l1a. Another approach
would be to adjust the slope of TCRE relationship to align the TCRE
with the lower temperature response to emissions implied by updat-
ing the baseline to a more recent period. In principle, both carbon
cycle and temperature adjustments could lead to changes in the rate
of warming as a function of cumulative emissions, as illustrated in
Fig. 1b. Whether such an adjustment is warranted depends on the
assessment of the validity of extrapolation of historical to future
warming as a function of cumulative emissions. Little correlation
exists between cumulative emissions at present-day warming and
at 1.5 °C across the CMIP5 ensemble”, probably due to differences
in response to non-CO, forcing across models. Hence, we would
caution against scaling simulated 1.5 °C carbon budgets using the
ratio of simulated to observed historical warming as a function of
cumulative CO, emissions, given the important and uncertain role
played by non-CO, forcings in historical climate change. Identifying
the conditions under which the slope of TCRE would require an
adjustment needs further research. Expressing carbon budgets rela-
tive to a recent reference period (for example, using the 2006-2015
reference period instead of the pre-industrial baseline) is intended
to minimize the effect of uncertainties arising from mismatches
between modelled and observed cumulative CO, emissions and
warming in the historical period. However, such adjustment of the
baseline does not involve a correction for the model processes that
led to those discrepancies in the historical period.

Temperature metric choices

While the correction for carbon cycle effects is relatively straight-
forward, attempts to assess consistency between warming estimates
based on model output and observations have highlighted questions
surrounding the choice of the method used to estimate changes in
global mean temperature™. One way of expressing the global mean
temperature is global mean surface air temperature (here referred
to as GSAT), usually estimated in models by calculating the mod-
elled global average SAT — the temperature at about 2 m above the
Earth’s surface. By contrast, the observed global mean temperature
is constructed by combining observational measurements of sur-
face air temperature over land and sea ice (SAT) with sea surface
temperature (SST) measurements for open ocean locations. This
blended temperature is referred to as GBST, or global mean blended
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surface temperature. It is important to note that GBST estimates
based on observational measurements do not sample the full globe.
Some datasets use statistical infilling techniques to account for this
and estimate the global temperature implied by nearly full obser-
vational coverage (for example, GISTEMP*!, HaddCRUT-CW** and
Berkeley Earth™). Others provide estimates using only data where
measurements are available (such as HadCRUT®). Estimates that
use observations thus reflect the blended (SST + SAT), and in some
cases masked (incomplete coverage without statistical infilling) esti-
mates of global mean temperature. Relative to GSAT, both blending
and masking in the GBST metric reduce the estimated warming'**,
and statistical infilling might not always alleviate the masking bias
when instrumental coverage is low'*. Furthermore, the effects of
both masking and blending are time-dependent: (1) the observa-
tional mask will change over time as the distribution of measure-
ments changes, and (2) the use of SST versus SAT measurements
can also change as a result of changing sea-ice coverage, leading (in
general) to more open water (and hence SST measurements) over
time. This time-dependent blended-masking effect lowers warming
since pre-industrial times by about 0.1 °C during the 10 yr aver-
age reference period used in SR1.5 (2006-2015). This difference
between GBST and GSAT increases with additional warming'**.

To estimate remaining carbon budgets relative to a present-day
reference period, an estimate of the present-day level of warming
is needed to determine the amount of continuing warming until
1.5 °C or any other temperature level would be reached. Given a
median estimate of TCRE"”, a difference in global mean tempera-
ture of 0.1 °C, either as a result of a different temperature limit or
as a result of a different estimate of warming to date, would alter
carbon budget estimates by about 200 GtCO, (refs. **°).

Beyond blending-masking adjustments

The multimodel mean GSAT change of the CMIP5 ensemble”
matched well with GBST observations (HadCRUT4.6)** up to the
1986-2005 period, which is the reference period used by IPCC
AR5* (and see table 1.1 therein). However, the mean of the simu-
lated CMIP5 GSAT warming between 1986-2005 and 2006-2015
(the updated SR1.5 reference period) lies above observation-based
estimates. The observed GBST warming in HadCRUT4.6 of 0.22 °C
between these periods was lower than the CMIP5 multimodel mean
GSAT increase of 0.38 °C and only barely within the range of simu-
lated warming. Accounting for the difference in GBST and GSAT
definitions and incomplete coverage of observations can only partly
explain this difference (accounting for coverage and blending of SST
and SAT reduces modelled warming to 0.33 °C, Fig. 2b).

Several other reasons have been suggested to reconcile the
remaining mismatch between the multimodel mean and observa-
tions™. We identify three main groups of effects that might contrib-
ute to the differences between models and observations of GBST
(Fig. 2b). First, the SST dataset of HadCRUT4.6, HadSST3, shows
a significant cooling bias from around year 2005 onwards, when
compared with instrumentally homogeneous SST records from
drifting buoys, Argo floats and satellites”. This and other biases
in the SST record have been recently addressed in HadSST4*.
However, the increase in GBST between the two reference periods,
1986-2005 and 2006-2015, is virtually unchanged as HadSST+4 is
warmer during both reference periods than HadSST3 (compared
with the pre-industrial baseline). The choice of the SST dataset,
therefore, seems to exert only a small influence on the divergence
between modelled and observed warming, but uncertainties in
the temperature record remain. Second, from the early 1990s,
Pacific trade winds intensified, enhancing equatorial upwelling
in the central and eastern Pacific. This reduced the SSTs in that
region, thereby also reducing the pace of global mean tempera-
ture increase®*’. These effects of internal variability in the Pacific
region lower the observed global mean temperature increase
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Fig. 2 | Contributions to differences in recent observed and modelled
warming. a,b, Time series of modelled and observed warming (a) and
different effects leading to adjustments in observed and modelled GBST
(b). The length of the bars (horizontal black lines in b) shows upper
(lower) estimates of the influence of Pacific variability on warming.

The spread arises from uncertainty in both observations and the forced
signal (effects 5 and 6), from missing years (effects 8 to 10), and reflects
the range across four studies (effect 7). Vertical black lines in b indicate
5-95% uncertainty ranges. Effects indicated by an asterisk are used for the
net effect (bar 4). The global mean temperature base period is 1961-1990
in a, and 2006-2015 relative to 1986-2005 in b (see Methods for details).
AA, anthropogenic aerosols; S, solar; V, volcanic.

between the two reference periods by roughly 0.08 °C (with a
range of —0.03 to —0.20 °C across published estimates; see the
Pacific variability effect bars in Fig. 2b). Third, a series of small-to-
moderate-magnitude volcanic eruptions have led to an increase in
stratospheric aerosols after the year 2004**?, which is neglected in
CMIP5 model projections. Furthermore, CMIP5 radiative forcing
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Fig. 3 | Differences in ocean and sea ice coverage in CMIP5 models, and related differences between GBST and GSAT metrics, under different future
emission scenarios. a-c¢, Swarm plots of the time-invariant, constant field defining ocean grid-cells (the sftof CMIP variable, a); the sea-ice effect, shown
as a difference between GBST and GBST with fixed sea-ice mask (b); and the overall blending effect, shown as a difference between GBST and GSAT, as a
function of sea-ice coverage (c). d-g, Time series of the evolution of the sea-ice fraction (d) and free-ocean area (e) in historical and RCP 8.5 scenarios.,
and the corresponding sea-ice fraction (f) and free-ocean area (g) in historical and RCP 2.6 scenarios. In b and ¢, box plots are shown for five sea-ice
coverage intervals: [6.5-5.5)%, [5.5-4.5)%, [4.5-3.5)%, [3.5-2.5)% and [2.5-1.5)%. In d-g, the box plots show the interquartile ranges for 10-yr time

slices. Historical and RCP scenarios are from ref. *°,

projections also assume that the last solar cycle before 2005 is
repeated in the subsequent period. As a result, the assumed recent
solar forcing in the model projections is too large when compared
with observations™***. Correcting models to account for both the
updated solar forcing and updated volcanic forcing reduces the
modelled global mean temperature increase between the two refer-
ence periods, but effects from revised anthropogenic tropospheric
aerosols™ are uncertain and might have reduced” or increased the
warming®. Overall, the assessed studies indicate that warming
changes by —0.08 to +0.02 °C from updated forcing between the
two reference periods (Updated forced signal bars in Fig. 2b). The
CMIP6 models* are forced with updated radiative forcings, and
while some models indicate reduced warming in the early twenty-
first century, explained partly by updated forcing”, the set of avail-
able models simulates slightly more warming between the two
reference periods than CMIP5. Major changes in representation
of different processes in the models might have led to an increase
in climate sensitivity*’, which might increase the warming between
the two reference periods®.

While the strength of the effects is considerably uncertain, and
there might be further aspects not considered here, we note that
modelled and observed GBST warming between the 1986-2005 and
2006-2015 periods can be fully reconciled within the uncertainty
ranges of the different contributing effects (Fig. 2). Moreover, mul-
timodel mean GBST warming in 2006-2015 relative to the 1850-
1900 base period is very close to the best observational estimates™.
This highlights that warming expressed in two different tempera-
ture metrics (GBST and GSAT) can be made internally consistent
by carefully accounting for various effects, and used to compare
models and observations for the historical period.

Application and consistency

Different temperature metrics come with their respective strengths
and weaknesses. A GSAT estimate will, by definition, draw from the
SAT field everywhere across all models. In contrast, GBST is a com-
posite of land SAT and SST, and GBST estimates depend on the ratio
of land and sea ice versus ocean across the Earth’ surface. The share
of free-ocean coverage differs between models by about 7 percentage
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Box 1| Different choices and recommendations for the use of global mean temperature metrics

Application-dependent choice of the
global mean temperature metric
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warming projections
or carbon budgets

The three streams illustrate our recommendations depending on
the application domain, with the appropriate use of temperature
metrics for carbon budget calculations shown in yellow. Stream 1,
using the GBST temperature metric alone, allows a consistent
comparison with global mean temperature estimates currently
provided by observational temperature products (such as the
HadCRUT4.6 dataset™). Unless observational products routinely
also provide estimates of GSAT, the GBST metric is so far the best
choice for applications related to model evaluation of historical
warming with the observations or detection and attribution of
historical warming”’. However, this metric of choice for Stream
1 presents challenges when applied to future warming projec-
tions (see above discussion of Fig. 3) and is therefore not rec-
ommended for calculating remaining carbon budgets (that use
future warming projections).

Stream 3, using only the GSAT temperature metric, provides a
consistent estimate of global mean temperature increase in model
simulations for both the historical period and into the future.
Estimating global mean temperature increase based on GSAT
alone with full global coverage allows such consistency over time
to be achieved. Therefore, we recommend using GSAT as the
primary temperature metric for Stream 3 applications, including
remaining carbon budget calculations for future levels of warming.
This would also ensure consistency with some impact assessment
studies that use model simulations from a pre-industrial baseline
and use a spatially complete temperature metric across timescales.

268

until IPCC AR5 recent
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Temperature levels for
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a hybrid temperature metric
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carbon budgets
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for climate policy and
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Between Stream 1 and Stream 3 lies Stream 2, with applications
that intend the assessments of global mean temperature and
carbon budgets to be consistent with the achievement of the Paris
Agreement target. The Paris Agreement did not specify explicitly
which temperature metric applies to the warming levels of 1.5 °C and
well below 2 °C. However, this does not mean that the temperature
metric is unknown. The temperature goal of the Paris Agreement
needs to be read in the context of the accompanying decisions under
the UNFCCC and the science, as reflected in the most recent IPCC
reports at the time™. We therefore propose a Paris Agreement global
temperature metric (PAGTM) following the approach applied in the
ARS5: a hybrid product with GBST until 1986-2005 and GSAT for
warming from 1986-2005 onwards.

For a direct comparison of studies using only the GBST
metric (Stream 1) with the PAGTM (Stream 2), the difference
between the GBST and GSAT metrics over the period between
the GBST study’s reference period and the AR5 recent reference
period (1986-2005) has to be accounted for (indicated by the
blue arrow between Stream 1 and Stream 2). For the 2006-2015
reference period, this adjustment is about 0.16 °C and is the
difference between modelled GSAT and the observed masked
GBST evolution applied to the same model runs (see Methods
and table 1.1 in SR1.5).

We do not recommend using GBST for future projections,
because this would require implementing model-specific and time-
varying adjustments (due to changing sea-ice coverage; see Fig. 3
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Box 1| Different choices and recommendations for the use of global mean temperature metrics (Continued)

and its discussion) to bring these estimates in line with the Paris
Agreement-compatible Stream 2 metric. On the other hand, for a
direct comparison of results from studies using only the GSAT metric
(Stream 3) with the PAGTM (Stream 2), a constant adjustment for the
difference between GSAT and GBST during the 1986-2005 period
(thatis, the AR5 reference period) relative to the 1850-1900 reference
periodin HadCRUT4.6 needs to be made (indicated by the blue arrow
between Stream 3 and Stream 2). In the CMIP5 multimodel mean,
this offset is very small (up to about 0.036 °C) compared with the
5-95% uncertainty range of the observational product (HadCRUT4.6
observed warming from 1850-1900 to 1986-2005 is reported

points (Fig. 3e,g) due to differences in present-day sea ice (Fig. 3d,f)
and the land-sea share in the model grid (Fig. 3a, Methods).

Theland and sea-ice versus ocean ratio does not only differ among
models, but also among various runs from the same model due to
internal variability, as well as over time as a result of differences and
changes in sea-ice cover. Therefore, the GBST metric is dependent
on model, time and even realization within the model ensemble
itself. Such differences complicate the comparison of GBST esti-
mates among models or even within ensemble members of the same
model. Owing to the combination of these challenges surrounding
the GBST temperature metric, the GBST metric is not well-suited for
projections of future warming levels (for example, 1.5 °C or 2.0 °C),
for which remaining carbon budgets are calculated.

Given the various possible choices regarding methods of cal-
culating global mean temperature rise and their effect on esti-
mates of remaining carbon budgets, we summarize recommended
approaches in Box 1. We identify three main streams of application
and for each we recommend an appropriate metric for estimating
the global mean temperature level and remaining carbon bud-
gets. These streams depend on the purpose of the application: (1)
model evaluation of global mean temperature against observations
or detection and attribution analysis of global mean temperature
(Stream 1); (2) assessments of temperature estimates and carbon
budgets for the Paris Agreement goal (Stream 2); and (3) assessing
carbon budgets or impacts across time and for future levels of warm-
ing with a consistent definition of temperature change (Stream 3).

The differences between temperature metrics such as GBST and
GSAT were not thoroughly discussed in the literature available for
the AR5, and thus could not be assessed by the IPCC before SR1.5
was published in 2018. It hence cannot be expected that the 2015
Paris Agreement would be specific about the temperature metrics
underlying its temperature goal. The same holds for other scien-
tific concepts developed and assessed after the adoption of the Paris
Agreement. However, the literature available at the time of AR5 can
provide guidance on the metric consistent with the achievement of
the Paris Agreement global mean temperature target.

The adoption of the Paris Agreement was informed by a multi-
year process reviewing the temperature goal under the UNFCCC.
This review process concluded in 2015, adopting a long-term global
goal under the Conference of the Parties (COP) that is identical to
the Paris Agreement’s Article 2.1(a)’. The process included a sci-
entific arm, the so-called structured expert dialogue*’, which pro-
vided a comprehensive assessment of the impacts of climate change
at 1.5 °C and 2 °C based predominantly on AR5. The long-term
temperature goal of the Paris Agreement is directly linked to this
assessment and thereby the AR5 methodology’*2. The Working
Groups 1 and 2 of AR5 used GBST from 1850-1900 until the ref-
erence period 1986-2005 and GSAT for warming from the refer-
ence period onwards. We propose this hybrid temperature metric
(PAGTM; Box 1, Stream 2) as being compatible with the Paris
Agreement target. Paris Agreement compatibility is linked to the
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to be 0.57-0.66 °C, with a central estimate of 0.6 °C; see table 1.1
of ref. *°). The transition from Stream 3 to Stream 2 is independent of
the chosen baseline or period of interest. For studies using CMIP5,
translating results obtained with the full GSAT approach (Stream 3)
to the Paris Agreement-consistent metric (Stream 2) results in a
constant upward adjustment of the remaining carbon budget by
about 80 GtCO, (for a middle-of-the-range TCRE estimate of
1.65 °C per 1,000 PgC), but can depend on the precise assumptions.
For studies using CMIP6 models*, climate model emulators or other
approaches, this adjustment would need to be calculated according
to those models.

policy context and does not imply that such a hybrid temperature
metric (GBST and GSAT) holds any specific scientific merit. As
our scientific understanding progresses, new temperature met-
rics based on either new observational products or new analysis
metric will become available, and could be scientifically superior.
To avoid misguiding policy by unintentionally shifting baselines,
however, we recommend that any assessments aiming to inform
the science-policy interface and the Paris Agreement should be
expressed in, or at least provide a conversion to, the metric that is
consistent with the achievement of the Paris Agreement (that is, the
hybrid of GBST and GSAT) presented in Stream 2***°"*2, This will
require the conversion of temperature metrics (either in Stream 1
or Stream 3) to Stream 2 metric, illustrated in Box 1 by the dou-
ble-headed arrows. Such conversion (from Stream 3 to Stream 2)
would lead to upward adjustments of carbon budgets (that is, more
allowable CO, emissions) (Box 1). This transition to Stream 2 is not
exclusive to CMIP5 models, and could be applied, in principle, to
any model-based temperature projections or carbon budgets that
use the GSAT metric (Stream 3), and aim to report their results in
the light of the Paris Agreement* (Stream 2).

Remaining challenges for the total carbon budget
Calculating the remaining carbon budget relative to a present-day
reference period makes these estimates more accurate, as shown by
recent studies'®*° (see also ref. > for a comprehensive summary of
recent carbon budget estimates). However, changing the baseline to
a more recent period is only a partial solution that does not address
the underlying issue of discrepancies between CMIP5 models and
observations in the historical period, particularly in their cumula-
tive CO, emissions (as the temperature discrepancy between the
models and observations can be addressed by comparing models
and observations in a like-for-like manner). Moreover, changing
the baseline does not help with constraining estimates of the total
carbon budget for a given level of warming (that is, including his-
torical and future CO, emissions), which may be useful for assessing
aspects of historical responsibility for past CO, emissions™.

Implications for the science-policy interface

Using a recent reference period to calculate remaining carbon
budgets, rather than first calculating total carbon budgets relative
to pre-industrial levels and then subtracting historical emissions,
makes these estimates more accurate, providing a physically com-
pelling reason to do so. However, such changes of the baseline to
a more recent period also come with political implications that
one should be mindful of. Changing the reference period from
pre-industrial times to the present day shifts the focus of the study
from estimating total carbon budgets and their relevance for the
assessment of historical responsibilities and intergenerational or
international equity, towards questions of our collective ability to
avoid the exceedance of certain warming limits in line with the
Paris Agreement.
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Given the relevance of carbon budgets for climate policy, we
recommend that methodological choices made in their estimation
be fully transparent and traceable. Moreover, we recommend that
assessments of the progress towards the Paris Agreement goals,
including the carbon budgets for 1.5 °C, should provide a com-
parison with the temperature metric that is consistent with the
achievement of the Paris Agreement (that is, PAGTM in Stream 2;
Box 1). Owing to different definitions of the temperature metrics
discussed in this Perspective, carbon budgets calculated in Stream 2
are expected to be larger than carbon budgets calculated using tem-
perature metrics in Stream 3. Finally, although it may be challenging
to constrain all the sources of uncertainty in estimating carbon bud-
gets (for example, refs. 7!2>4%) | the large spread in carbon budgets
should not be used as an excuse to delay mitigation actions.

Ultimately, more than a decade of research on carbon budgets
and the cumulative emissions framework demonstrate very clearly
that reaching any global mean warming target that avoids danger-
ous climate change will require CO, emissions to be reduced to net-
zero or net-negative’' levels this century. The sooner this transition
to declining emission rates begins, the smaller reliance on net-neg-
ative emissions is required in the future”..
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Methods

We make use of CMIP5 and CMIP6 models***, as detailed in each subsection
regarding Figs. 2 and 3. The sets of models used in Figs. 2 and 3 are different,
as described below.

Contributions of different effects to the observed and modelled warming.
Figure 2 summarizes the effects that explain why observed and modelled global
mean temperature might differ between the two reference periods (1986-2005
and 2006-2015). The CMIP5 ensemble is that of ref. ° and consists of 38 models
with 86 realizations (bcc-csm1-1-m and CMCC-CESM show unphysical features
in the difference between GBST and GSAT in the late twenty-first century and
were excluded in ref. *, but are included here as we are interested in the period

up to 2015). We first average the ensemble members of each model to obtain

the multimodel mean. Uncertainties in the observed GBST arising from SSTs

are assessed by comparing the warming of the HadCRUT-CW dataset™ when

it is constructed using three different SST datasets, but is otherwise unchanged:
HadSST3*, COBE-SST2* and HadSST4. With both HadSST3 and HadSST4, the
GBST increase between 1986-2005 and 2006-2015 is 0.26 °C, whereas it is 0.28 °C
with COBE-SST2. The choice of the SST dataset has therefore only a relatively
small influence on the GBST increase. Using GISTEMPv4 as an alternative GBST
dataset produces a warming of 0.26 °C between the two reference periods. Bar 2 of
Fig. 2b displays the 5-95% range across the 100-member HadCRUT4.6 ensemble
and indicates data uncertainty.

We use variability analogues*' to quantify how Pacific variability altered the
warming between the two reference periods (M. B. Stolpe et al., manuscript in
preparation). Therefore, we search for periods from 33 CMIP5 and 18 CMIP6
control simulations (29,950 model years in total) in which the modelled variability
agrees with the observed variability (based on the root mean squared error between
the time series over a period of 40 months, and we keep the 20 best matching
analogues within each period). We standardize both the observed and modelled
variability time series. The GSAT anomaly in the analogues is a measure of the
contribution of the observed Pacific variability to the observed GBST evolution. To
describe internal variability, we take area-weighted SSTs in the Nino3.4 region
(5°$-5°N, 170° W-120° W) and from a larger region in the central to eastern
tropical Pacific (15° N-15° S, 180°-90° W) using two spatially interpolated SST
datasets, ERSSTv5*” and COBE-SST2. The SSTs in these regions also include a
forced signal that we remove before selecting the analogues. We estimate the forced
signal using the method of ref. ©' (that is, a linear trend over observed tropical
ocean SST from 1962 to 2011), and the ensemble means of the CMIP5 and CMIP6
models for the respective regions. Figure 2 shows the range across the resulting 12
combinations of region, SST dataset and forced signal correction. We also select
analogues on the basis of the observed zonal wind stress in the western tropical
Pacific over two regions (180°-150° W, 6° S-6° N, and 150° E-150° W, 10° S-10° N)
from 49 control simulations (31 CMIP5 and 18 CMIP6 models with 29,084 years).
These regions are based on refs. “**. We take observed wind stress from two
reanalyses, ERA-Interim® and MERRA2°* and in Fig. 2b we display the range
across the resulting four wind-stress estimates.

The contribution of tropical Pacific variability to GBST is quantified in refs. ®-*
using multiple linear regression. These studies describe tropical Pacific variability
using the Nino3.4 and Multivariate El Nifio/Southern Oscillation (ENSO)
indices®”. We use an updated and modified version of ref. “/, where a second
ENSO lag term was added. Other works'””" and the simulations with IPSL-
CMB6A-LR that follow the ‘Decadal Climate Prediction Project’ protocol of ref.
quantify the Pacific contribution to GSAT as the difference between two climate
model experiments. In a first experiment, a freely evolving initial condition
ensemble is forced with historical radiative forcings, while a second experiment is
driven by the same radiative forcings, but the modelled central to eastern tropical
Pacific SSTs are nudged towards observed anomalies. These so-called pacemaker
experiments end in 2013 and 2014, respectively. We use the variability analogues
to approximately extend the estimates to 2015. Alternatively, we assume that the
complete year-to-year HadCRUT4.6 GBST variability during the missing years
was caused by Pacific variability. Figure 2b shows the spread arising from these
two assumptions. The pacemaker experiments indicate a larger Pacific induced
global temperature decrease between the two reference periods than studies using
multiple regression. This could be related to a timescale dependence of the imprint
of tropical Pacific variability on GSAT, which in climate model simulations is larger
on a decadal than on an interannual time scale'””. Regression models constructed
on interannual variability might underestimate the Pacific influence on a decadal
timescale””. Whether and how the forced signal is removed from tropical Pacific
SSTs plays a role. If it is not fully removed, the cooling from internal variability is
underestimated, and vice versa. The spread in the Pacific contribution to the GSAT
change between the two reference periods is also substantial across the pacemaker
studies (Fig. 2b, effects 8—10) and this is probably related to how strongly the
tropical Pacific variability projects onto higher latitudes on a decadal timescale”.

We use the forcing corrections of refs. *~*>*>7*, For ref. *!, we combine the
forcing corrections of updated solar variability (based on the dataset by the
Physikalisch-Meteorologisches Observatorium Davos; PMOD) and of stratospheric
aerosols (not including their correction for background stratospheric aerosols
from 1960 to 1990); ref. ** and ref. ** also estimate the effects of updated well-mixed

greenhouse gas concentrations, which is very small in both studies, and human-
made tropospheric aerosols. While ref. ** finds underestimated aerosol cooling
during the first decade of the twenty-first century, ref. ** argues for overestimated
aerosol cooling, presumably related to primary organic matter aerosols. For the

ref. ** forcing correction, we show only the GSAT influence of updated solar and
volcanic forcing. In refs. “>*, the radiative forcing of the Mount Pinatubo eruption
is downgraded, making the 1986-2005 period warmer and thereby also decreasing
the GSAT increase between the two reference periods. On the other hand, ref. **
increases volcanic forcing during the early reference more than from 2006 onwards,
and thus increases the simulated warming between the two reference periods.

This and the reduced cooling from tropospheric aerosols lead to slightly increased
warming between the two reference periods compared with the control experiment
with CMIP5 forcings in ref. °. Different from the other forcing corrections, some
internal variability is left in the estimate of ref. ** as it is the difference between two
30-member climate model ensembles. Effect 15 in Fig. 2b shows the difference
between the two ensemble means (with the 90% confidence interval using data
until 2012) and the central estimate is from assuming that the anomaly comes back
to zero by 2015. Furthermore, we display the volcanic aerosol GSAT corrections of
ref. 7 and ref. ?, which account for volcanic aerosols in the lowermost stratosphere
below 15 km that are not included in the other stratospheric aerosol corrections
(for ref. ”* we use the AERONET mean GSAT estimate that we digitized from

their fig. 3b). Except for ref. **, which fully covers the period 2006-2015, the other
studies include data until 2012-2013 and for the missing years we assume that the
GSAT anomaly of stratospheric aerosols remains constant and that the adjustment
from updated solar irradiance comes back to zero anomaly by 2015. Not all forcing
corrections fully cover the early 1986-2005 reference period, and for missing years
we assume a zero GSAT anomaly.

The CMIP6 models are forced with updated radiative forcing until 2014 (we
extrapolate until 2015 by repeating the warming of the previous year), but as
model physics also changed, and the set of models is not the same, the difference
in the GSAT increase compared with CMIP5 cannot solely be attributed to
changes in radiative forcings. The CMIP6 ensemble of historical simulations
consists of (number of members in parentheses): BCC-CSM2-MR (3), BCC-
ESM1 (3), CAMS-CSM1-0 (2), CanESMS5 (50), CESM2 (11), CESM2-WACCM
(3), CNRM-CMBé6-1 (10), CNRM-ESM2-1 (5), E3SM-1-0 (5), EC-Earth3 (6),
EC-Earth3-Veg (4), FGOALS-g3 (3), GFDL-CM4 (1), GFDL-ESM4 (1), GISS-E2-
1-G (20), GISS-E2-1-G-CC (1), GISS-E2-1-H (10), HadGEM3-GC31-LL (4), IPSL-
CMB6A-LR (32), MIROC6 (10), MIROC-ES2L (3), MRI-ESM2-0 (5), NESM3 (5),
NorCPM1 (30), NorESM2-LM (1), SAMO-UNICON (1) and UKESM1-0-LL (6).
We compare the CMIP6 ensemble mean with the CMIP5 mean for GSAT (with
RCP 8.5 from 2006 onwards) and estimate the uncertainty of the difference in the
ensemble means using Welch’s t-test (Fig. 2b shows the 90% confidence interval).
Overall, the warming simulated by the CMIP6 ensemble mean between the two
reference periods is slightly higher than that of the CMIP5 ensemble (Fig. 2b).

For the net effect (bar 4 in Fig. 2b), we combine the Pacific variability estimated
by analogues from the central to eastern tropical Pacific with the CMIP5 mean
removed and averaged across ERSSTv5 and COBE-SST2 (for Fig. 2a we show the
range across all combinations of SST-based analogues), and the updated radiative
forcing of ref. *'. We stress, however, that this only one possible combination and
that the individual components are uncertain. There might be further effects not
accounted for by our analysis (such as Atlantic multidecadal variability, but that
effect on GSAT is probably small during the period examined™). The forcing and
variability corrections are estimated for GSAT and not GBST, which might also
cause a small bias.

Differences in the ocean and sea-ice coverage, and related differences between
GBST and GSAT. Figure 3 displays the global free-ocean fraction and the
influence of changes in sea-ice coverage on the difference between GBST and
GSAT. Free-ocean coverage is the area fraction of ocean cells in each model minus
the sea-ice coverage. While the number of ocean cells is constant, sea-ice coverage
declines with global warming. In the computation of GBST, SAT are taken over
land and sea ice and surface ocean temperatures are used for ocean cells. In grid
cells partially covered by sea ice, surface air and ocean temperatures are blended
respective to the sea-ice fraction. We follow ref. * for the computation of GBST
and GBST with fixed sea ice. Fixed sea-ice coverage is based on monthly sea-ice
coverage between 1961 and 2014: cells that have not been covered in that period
(and in the respective month) are considered as sea-ice free, the remaining cells
are considered as fully covered by sea ice. Figure 3 includes 28 CMIP5 models:
ACCESS1-0, ACCESS1-3, CCSM4, CESM1-BGC, CMCC-CMS, CMCC-CM,
CSIRO-Mk3-6-0, CanESM2, GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M, GISS-
E2-H-CC, GISS-E2-H, GISS-E2-R-CC, GISS-E2-R, HadGEM2-CC, HadGEM2-
ES, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC-ESM-CHEM,
MIROC-ESM, MIROC5, MPI-ESM-LR, MPI-ESM-MR, MRI-CGCM3, NorESM1-
ME and NorESM1-M.

Transitions between GBST and the Paris Agreement-consistent method.

The magnitude of the first arrow in Box 1 between Stream 1 and Stream 2 (that is,
the difference between the GBST and Paris-consistent temperature method for
2006-2015) is based on the values from table 1.1 of SR1.5%. It is calculated as the
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difference between the CMIP5 GSAT for the period 1850-1900 to 2006-2015 and
the CMIP5 GSAT for the period 1850-1900 to 1986-2005, minus the difference
between HadCRUTA4.6 for the period 1850-1900 to 2006-2015 and HadCRUT4.6
for the period 1850-1900 to 1986-2005. Using values from table 1.1 of ref. ** results
in: (0.99 — 0.62) — (0.84 — 0.60) = 0.13 °C, or more precisely, taking the values

in brackets directly from column 4 (that is, the difference between the CMIP5
GSAT and the HadCRUT4.6 GBST change from 1986-2005 to 2006-2015) of table
1.1 results in: 0.38 — 0.22 = 0.16 °C (note that the difference between these two
estimates comes from rounding).

Data availability

The Cowtan and Way** GBST datasets with different SST reconstructions are
available at: https://www-users.york.ac.uk/~kdc3/papers/coverage2013/. The
HadCRUT4.6 data is available at: https://www.metoffice.gov.uk/hadobs/hadcrut4/.
GISTEMPv4 is available at: https://data.giss.nasa.gov/gistemp/. COBE-SST2 and
ERSSTv5 data is provided by the NOAA/OAR/ESRL PSD via https://www.esrl.
noaa.gov/psd/data/gridded/. ERA-Interim is available at: https://www.ecmwf.int/
en/forecasts/datasets/reanalysis-datasets/era-interim. MERRA2 was downloaded
from: https://gmao.gsfc.nasa.gov/reanalysis/ MERRA-2/. CMIP5 and CMIP6 model
output is available at: http://pcmdi9.llnl.gov/. CESM1 pacemaker experiments are
available at: https://www.earthsystemgrid.org/.
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