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Mitigation efforts to reduce carbon dioxide
emissions and meet the Paris Agreement
have been offset by economic growth

M| Check for updates

Jitong Jiang ® 2, Skylar Shi® "2 & Adrian E. Raftery®'

Projecting future climate change is important forimplementing the 2015 Paris Agreement, which aims
to limit greenhouse gas emissions to a level that would keep the global average temperature increase
to 2100 below 2 °C. The Intergovernmental Panel on Climate Change uses emissions scenarios for
projecting climate change, but since 2017, an alternative fully statistical Bayesian probabilistic
approach has been developed. Both approaches rely on an equation that expresses emissions as the
product of population, Gross Domestic Product (GDP) per capita, and carbon intensity, namely carbon
emissions per unit of GDP. Here, we use data on these quantities for 2015-2024 to probabilistically
assess the changes in climate change prospects associated with post-Paris emissions. These show
that carbon intensity declined (i.e., improved) substantially over that period, but that overall carbon
emissions rose, due to the rapid rise in world GDP, which more than canceled out the progress made.
We found that the projected temperature increase to 2100 declined only slightly, from 2.6° C to 2.4 °C.
Meanwhile, the chance of staying below 2 °C remained low, at 17%. However, the chance of the most

catastrophic climate change, above 3 °C, has gone down substantially, from 26% to 9%.

To address the threat of climate change, the Paris Agreement was adopted in
2015 to limit global temperature rise over pre-industrial levels to well below
2 °C, while striving to keep it below 1.5 °C by 2100. This goal is to be achieved
through international cooperation, with each country committing to its own
nationally determined contributions (NDCs) to reductions in greenhouse
gas emissions, primarily CO,.

The agreement is implemented in the context of the Intergovernmental
Panel on Climate Change (IPCC), which periodically issues integrated
assessment reports to monitor progress, most recently in 2021'. The IPCC
projects future climate change by first using socioeconomic scenarios to
project future greenhouse gas emissions, which are then fed into global
climate models to simulate their impact on temperature and other climate
variables'.

The IPCC projects carbon emissions using deterministic expert-based
scenarios, called representative concentration pathways (RCPs) in the 2014
assessment™, and shared socioeconomic pathways (SSPs) in the 2021
assessment'. These scenarios do not have a statistical or probabilistic
interpretation, but are instead designed to span a wide range of emission
trajectories and associated climate responses, including outcomes under
high climate sensitivity.

In 2017, Raftery et al.’ published a fully statistical probabilistic
approach to projecting emissions and temperature change. They estimated
that, on current trends, the probability of keeping global temperature rise

below 2 °C was only 5%, and just 1% for staying below 1.5 °C. This analysis
involved forecasting population using the set of Bayesian hierarchical
models used by the United Nations to forecast poulation for all countries
since 2015, and forecasting GDP per capita and carbon intensity using a
joint Bayesian hierarchical model, estimated using data from 1960 to 2010.
The authors combined these forecasts to obtain a probabilistic forecast of
carbon emissions. They then estimated global temperature rise based on the
linear relationship between temperature and cumulative carbon emissions
described by the IPCC”.

To determine what would need to be done to meet the goal at both global
and national levels, Liu and Raftery® updated their projections with data up to
2015, based on countries’ initial nationally determined contributions—that is,
the first round of emissions reduction targets submitted under the Paris
Agreement, which we refer to as NDC-1s. These targets typically set emis-
sions goals for the year 2030. For countries that had not yet ratified the Paris
Agreement at that time and thus had not submitted an official NDC, we treat
their Intended Nationally Determined Contribution (INDC) as their initial
NDC. They found that under current trends, the probability of keeping global
warming below 2 °C by 2100 was still just 5%. But if all countries fulfilled their
NDC-1s and continued reducing emissions at the same rate after 2030, this
probability would increase to 26%. To reach a 50% chance of staying below
2 °C this century, the rate of reductions in the global emissions rate would
have needed to accelerate from 1% to 1.8% per year.
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In addition to projecting global temperature change, this approach has
been used to produce local probabilistic climate projections’ and projections
of the number of hot days in given locations'. It has also been used for the
assessment of the social cost of carbon'""”.

Other methods have been used to assess future prospects for climate
change. Some studies have used Integrated Assessment Models"'* and the
CO-STIRPAT dynamic system'*'® to simulate global CO, emissions. Machine
learning and Bayesian approaches have also been applied to CO, projections'
78 Hausfather et al., (2022)" have summarized research on concerns about
meeting the Paris Agreement’s climate targets given current policies.

Some studies, which primarily aimed to project the future outcome
based on NDCs and net-zero targets, have been optimistic about achieving
the Paris Agreement’s target™””'. However, other studies have argued that
achieving net zero is unlikely given current trends” . Note that these two
sets of studies are not directly comparable, as their purposes are different.

Data from the first nine years of the Paris Agreement’s operation, from
2016 to 2024, are now available, allowing us to assess how the outlook for its
success has evolved. We do this by extending and updating the methodology
and data for the probabilistic approach™. We use data on population, GDP
per capita, and carbon intensity for all countries considered up to 2024, as
opposed to 2015 previously. The approach previously used estimated cli-
mate sensitivities for each climate model in the Coupled Model Inter-
comparison Project Phase 5 (CMIP5)®. Instead, here we predict the
temperature based on its linear relationship with cumulative carbon emis-
sion given by the Transient Climate Response to cumulative CO, Emissions
(TCRE) recommended by the IPCC’s 6th Assessment Report™, based on the
updated CMIP6 set of climate models.

Results

Carbon emissions, NDCs, and probabilistic forecasts since 2015
Figure 1a shows the probabilistic forecasts of worldwide CO, emissions as of
the Paris Agreement adoption in 2015, and what has happened since,
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Fig. 1 | Probabilistic projections of CO, emissions and carbon intensity for
2016-2024. Probabilistic projections of CO, emissions (top row) and carbon
intensity for 2016-2024 (bottom row), based on data for 1960-2015: median pro-
jection (solid red line), 90% interval (very likely range—dark shaded area), 99%
interval (virtually certain-light shaded area), observed emissions (black line), and
emissions needed to meet the national defined contribution (NDC-1) target (green
line). The columns correspond to the world, China, the United States, and Germany.

compared with the NDC-1s. The NDC-1s targeted an average decline of
0.8% per annum, which translates to a decline of 7% over the nine years.
Instead, what happened was an increase of 5.6%, or an average increase of
0.6% per year. This was very close to the median probabilistic forecast of
5.3%, which was based on trends from 1960 to 2015°.

If we look at carbon intensity, however, a different story emerges. The
median projection was for a decrease (i.e., improvement) of 20% over the nine
years 2015-2024, with a very likely range (90% interval) of 8-27%, while the
NDC-1s aimed for a somewhat greater decrease of 31%. In fact, there was a
decrease of 25%, greater than the expected decrease, but well within the very
likely range from the probabilistic forecast. This corresponds to 3.1% per year,
considerably faster than the previous historic average of 1.1% from 1960-2015.

So 2015-2024 was a period of significant progress in reducing carbon
intensity, widely viewed as the only one of the three components in the IPAT
equation’*” under potential policy control’, even if reductions did not fully
meet the NDC-1s. Given that, how can it be that not only did emissions not
go down, but they actually increased substantially over the immediate post-
Paris period? The answer is that world GDP (on a purchasing power parity,
or PPP basis) increased fast over this period, by 41%, or 3.9% per year. This
more than canceled out the 3.1% annual improvement in carbon intensity.
This illustrates one way in which climate change is a “super wicked
problem™, in that fast economic growth, an aspiration of many govern-
ments and societies, has led to dramatic backsliding on carbon emissions
since the Paris Agreement was adopted.

The rest of Fig. 1 illustrates the varying patterns in three leading
world economies. China’s NDC-1 was expressed in terms of carbon
intensity rather than total emissions, and targeted a 36% decrease by
2024. This was met and indeed slightly exceeded, with a 37% decrease.
The median projection was for a 25% decrease, but the observation was
well within the very likely range. In spite of this excellent performance in
terms of carbon intensity, carbon emissions increased by a massive 18%,
or 2.2% per year, due to China’s exceptionally fast economic growth. The
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The panels are: a Yearly CO, emissions for the world in Gt COy; b Yearly CO,
emissions for China in Gt CO,; ¢ Yearly CO, emissions for the United States in Gt
CO,; d Yearly CO, emissions for Germany in Gt COy; e Yearly carbon intensity for
the world, in Gt CO, per US $100 billion; (f) Yearly carbon intensity for China, in Gt
CO, per US $100 billion; (g) Yearly carbon intensity for the United States, in Gt CO,
per US $100 billion; h Yearly carbon intensity for Germany, in Gt CO, per US $100
billion.
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Fig. 2 | Probabilistic projections of annual CO, emissions and carbon intensity
for 2016-2024 for four other countries. Probabilistic projections of annual CO,
emissions (top row) and carbon intensity (bottom row) for 2016-2024, based on
data for 1960-2015: median projection (solid red line), 90% interval (very likely
range—dark shaded area), 99% interval (virtually certain—light shaded area),
observed emissions (black line), emissions needed to meet the national defined
contribution (NDC-1) target (green line). The columns correspond to India, Japan,

Russia United Kingdom
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Russia, and the United Kingdom. The panels are: a Yearly CO, emissions for India,
in Gt COy; b Yearly CO, emissions for Japan, in Gt CO,; ¢ Yearly CO, emissions for
Russia, in Gt COy; d Yearly CO, emissions for the United Kingdom, in Gt CO,;

e Yearly carbon intensity for India, in Gt CO, per US $100 billion; f Yearly carbon
intensity for Japan, in Gt CO, per US $100 billion; g Yearly carbon intensity for
Russia, in Gt CO, per US $100 billion; h Yearly carbon intensity for the United
Kingdom, in Gt CO, per US $100 billion.

USA came somewhat close to meeting its NDC-1, reducing total emis-
sions by 10%, compared to its NDC-1 of a 15% reduction. This was much
better than the median projection of a 2% increase, but was still within
the very likely range. Nevertheless, it suggests that the measures taken in
response to the Paris Agreement had an effect. Carbon intensity
decreased by a substantial 32%, or 4.2% per year, very close to the 34%
implied by its NDC-1, and much more than the projected 18%. Ger-
many’s CO, emissions declined by 28% over the period, compared with
the 9% called for by the NDC-1 and a median projection of a mere 2%. Its
carbon intensity declined by 37%.

China, the USA, and Germany had similar percentage declines in
carbon intensity over the period 2015-2024, in the range of 32-37% declines
over the nine-year period. However, it is of interest to compare their
absolute carbon intensity levels, which are very different from one another.
Germany had by far the lowest carbon intensity (in 2024) of these three
countries. The USA’s carbon intensity was about 50% higher than that of
Germany, while that of China was over three times that of Germany. That of
Germany was similar to those of other major European countries. This
suggests that there is substantial scope for China and the USA, as well as
other countries with high carbon intensities, to improve massively and
rapidly. Similar results for India, Japan, Russia, and the United Kingdom are
shown in Fig. 2. We also include the probabilistic projections of GDP for the
world and the seven countries featured in Fig. 3.

Implications for projections of future carbon emissions

What are the implications of these recently observed carbon emissions for
projections of the future? Based on data to 2015, the median projection was
that annual emissions would decline by only 10% over the rest of the cen-
tury. However, Fig. 4 shows that a much larger decrease, of 64%, is now
projected. This reflects the acceleration in the decline of carbon intensity
since the Paris Agreement was adopted.

Uncertainty about future emissions has also declined dramatically,
with the very likely range for 2100 being 15-71 Gt CO, based on data to
2015, but 7-25 Gt based on data to 2024. Thus, the width of the interval has
gone down from 56 Gt to 18 Gt, a 75% decrease in uncertainty due to the
additional data for 2016-2024. Concretely, in 2015, it was plausible that
global annual emissions could increase to as much as 71 Gt in 2100, but now
it is unlikely that they would exceed 25 Gt. It is also unlikely that annual
emissions would go below 7 Gt on current trends, making global net zero
emissions unlikely this century on current trends, even given the recently
improved prospects for carbon intensity. China, the USA, and Germany
show similar patterns of change in emissions to the world as a whole, and
even China is projected to see its emissions lower than previously expected.
Similar plots for India, Japan, Russia, and the UK are shown in Fig. 5.

One important question is when greenhouse gas emissions will peak.
For example, the IPCC states that emissions must peak before 2025 to have a
good chance of limiting global temperature rises to 1.5-2 °C”. Figure 6
provides a partial answer by showing the posterior predictive distribution of
the year of peak carbon emissions. It shows that the most likely peak year is
2024, but with probability only 22%. Carbon emissions are very likely to
peak by 2045, but there is considerable uncertainty about when. This is in
line with the widely varying predictions that have been made. For example,
Fyson et al. * assess that the probability of peaking in 2024 is 70%, in
contrast with Friedlingstein et al. ', who are more pessimistic and note that
fossil CO, emissions are still increasing with no sign of peaking.

Implications for climate change

Figure 7 shows the implications of these results for global average tem-
perature change. Based on data to 2015, the expected increase by 2100
was 2.6 °C, with a very likely range 1.6-3.9 °C. (Note that these numbers
differ slightly from those in Liu and Raftery®, due to the updated methods
and data; see the Methods section.) Based on data to 2024, the expected
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Fig. 3 | Probabilistic projections of GDP per capita for 2016-2024. Probabilistic  likely range—dark shaded area), 99% interval (virtually certain-light shaded area),
projections of GDP per capita (2016-2024) for a the world, b China, ¢ United States,  and observed values (black line). GDP per capita is expressed in 10* USD in 2011
d Germany, e India, f Japan, g Russia, and h United Kingdom. The projections are  purchasing power parity (PPP) per person.
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Fig. 6 | Probability of CO, emissions peaking in each year from 2024 to 2100. The vertical dashed red line indicates the 90th percentile of the distribution, which is at 2045.

increase had gone down to 2.4 °C, with a very likely range of 1.7-3.2 °C.
We see that, disappointingly, in spite of the substantial decrease in
expected yearly emissions by 2100, the expected temperature increase by
2100 declined by only 0.2 °C. This reflects the extent to which future
climate change is already baked in, and also the fact that the biggest
reductions will happen later in the century, and hence will have a smaller
impact on cumulative (rather than yearly) emissions, which is the
determining quantity for climate change.

However, strikingly, in projections conditional on current emission
trajectories, uncertainty about future climate change has gone down sub-
stantially, with the width of the very likely range going down by 36%. Most of
this reflects the reduction of the upper bound by 0.7 °C from 3.9 °C to 3.2 °C.
The risk of the most catastrophic climate change, over 3 °C, has thus gone
down markedly, from 26% to 9%, thanks to the declines in carbon intensity
since 2015. The probability of less than 2 °C warming by 2100, which was 18%
based on data to 2015, has barely changed, to 17% based on data to 2024.
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pre-Paris data up to 2015 (median in green line and very likely range in green shaded
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assumption that all countries make their 2015 initial Nationally Defined Con-

tributions (NDC-1s) and then revert to previous patterns after the date of the NDC-
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1s, which is 2030 in most cases (Adjusted: dashed blue); based on the assumption
that all countries meet their NDC-1s and continue to improve at the same rate
thereafter (Continued: dotted purple); and based on the Continued assumption, but
without the USA meeting its NDC-1 (USA Excluded: orange dashed-dotted line).

Figure 7 also shows the median projected temperature change under
several scenarios, to be compared with the projected increase of 2.4 °C under
current trends, as of 2024. If all countries meet their NDC-1s, which are
mostly for 2030, and revert to current trends from 2030 to 2100 (the
“Adjusted” scenario), the median projected temperature increase would be
slightly smaller, at 2.3 °C, and the probability of staying under 2 °C would
increase slightly from 17% to 20%. If all countries meet their NDC-1s for
2030 and then continue to improve at the same rate from 2030 to 2100 (the
“Continued” scenario), the projected increase would be 2.1 °C, and the
probability of staying under 2 °C would increase further, to 34%. This is still
less than 50%, however, and underscores the fact that the NDC-1s are not
ambitious enough to meet the Paris Agreement goal of staying under 2 °C,
even if they are continued past 2030. In both scenarios, we adjust countries’
future emissions by modifying their projected carbon intensity and GDP
trajectories to match their stated NDC targets®

In January 2025, following the inauguration of President Donald
Trump, the USA gave notice of its intention to withdraw from the Paris
Agreement, a withdrawal that will become effective in January 2026.
Accordingly, we considered the scenario under which the USA does not
continue the efforts promised under its NDC-1 after its NDC-1 due date of
2025 (the “USA excluded” scenario), instead continuing on its current trend.
The projected temperature increase would go up from 2.1 °C to 2.2 °C, and
the probability of staying under 2 °C would from go down from 34% to 27%.
Note that this might be an optimistic assessment. It seems possible that the
worst-case scenario is not that the US will simply discontinue its post-Paris
efforts, but rather that the trend might flip.

Probability of countries meeting their NDCs

Figure 8 shows the probability, based on data to 2024, that each country will
keep its CO, emissions under its NDC-1. We calculate these probabilities by
comparing the 2030 emission targets stated in NDC-1 against our posterior
distribution of projected emissions in 2030. Compared to the previous
probabilistic projection, major economies like Germany (97%), Japan

(50%), and France (36%) have improved substantially. China has been
performing better than before, with the probability of its meeting its NDC-1
increasing from 18% to 26% now. The probability for the USA is very low at
1%, but this reflects the fact that the NDC-1 for the USA is for 2025, only one
year from the last data point. The USA will come close to meeting its NDC-1,
but is unlikely to completely attain it.

The Paris Agreement requires countries to update their NDCs every
five years. Due to the significant gap between the emissions reductions
needed to limit global warming to 1.5 °C and the current plans, the Glasgow
Climate Pact™, agreed upon in November 2021, urged all nations to revisit
and strengthen their NDC targets by 2022. Each new round of updates is
expected to increase ambition with deeper emissions cuts and broader
adaptation measures. We call these second-round updated NDCs the NDC-
2s. Under the NDC-2s, most countries have raised their carbon reduction
targets by 10% to 25% compared to their NDC-1. Given that our new
projection starts in 2025, we further consider assessments about countries
meeting their targets based on the NDC-2s. We similarly assess the prob-
ability of countries meeting their updated NDC-2 targets, which are gen-
erally more ambitious and thus harder to achieve. The resulting probabilities
are much lower: China(8%), USA(0%), Germany(22%), India(0%),
Japan(0%), Russia(61%) and UK(21%).

Recall that, on current trends, without additional efforts, the median
predicted global temperature increase by 2100 is 2.4 °C. Under NDC-2, if all
countries meet their NDCs but then revert to current trends, the increase is
somewhat lower at 2.2 °C. If countries continue their emissions reduction
efforts after meeting their NDC-2s, the temperature increase would be
projected to drop to 2.0 °C. In the scenario where the USA does not meet its
NDOGC, the forecasted increase is 2.1 °C. With the NDC-2s, the probability of
staying below 2 °C is 17% under the “None” scenario, 26% under the
“Adjusted” scenario, 53% under the “Continued” scenario, and 41% under
the “USA Excluded” scenario. In 2024, the global average temperature
reached 1.5 °C for the first time, so the chance of staying below 1.5 °C is now
very low under all scenarios, and we do not discuss it further here.
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Fig. 8 | Probability that each country meets its NDC-1. Top: World; Bottom: Europe (zoomed in).

Additional efforts needed to stay under 2 °C

Our median projection for cumulative carbon emissions by 2100, starting
from 2025, under the “Continued” scenario is 1366 Gt CO,. To reach this
total by the end of the century, annual global emissions would need to
decrease at a constant annual rate of 2.2%. For an 80% chance of keeping

global warming below 2 °C, cumulative emissions would need to be capped
at 845 Gt CO, in 2100, necessitating a substantially higher annual decline
rate of 4.2%. We now assess how much the emissions reductions pledged in
the NDCs would need to be increased to achieve the target. We focus on two
scenarios: “Likely 2 °C” (a 66% probability of staying below 2 °C), and “Very
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Table 1 | Percent increase in emissions reductions relative to
the NDCs needed to achieve different objectives in the Paris
Agreement for top-emitting countries

NDC-1 NDC-2

Country Likely 2 °C Very likely Likely 2 °C Very likely

2°C 2°C
China 13% 22% 2% 10%
United States 14% 26% 4% 20%
Germany 36% 43% 1% 7%
India 19% 34% 3% 18%
Japan 6% 11% 3% 18%
Russia 34% 43% 1% 4%
United Kingdom  44% 51% 1% 5%

"Likely 2 °C” refers to a 66 % probability of staying below 2 °C, while “Very likely 2 °C” refers to a90%
probability of staying below 2 °C in 2100.

likely 2 °C” (a 90% probability of staying below 2 °C). The required increase
in the NDCs varies by country, depending on their pledges and progress to
date. For the largest emitters, the necessary increases in reductions over the
NDC-1s are projected to be 13% for China, 14% for the USA, 36% for
Germany, 19% for India and 6% for Japan (see the NDC-1 columns in
Table 1 for more details).

In terms of the required increases in the NDC-2 target (see the NDC-2
columns in Table 1), significant progress has been observed for most
countries over the period 2015-2024. For the top six economies by GDP and
the top five emitters (excluding Iran), the additional efforts needed to
achieve the “Likely 2 °C” and “Very likely 2 °C” goals have generally
decreased. However, Japan stands out as an exception. Transitioning from
NDC-1 (a 26% reduction in emissions relative to 2013 levels by 2030) to
NDC-2 (a 46% reduction by 2030) represents a 77% increase in ambition.
This is an extremely challenging commitment given Japan’s current emis-
sions trajectory. From 2025 to 2030, Japan would need to increase its annual
emissions reduction rate by a factor of 10. While the required rates of decline
for achieving “Very likely 2 °C” have decreased—from 2.2 to 1.4 times
higher when comparing NDC-1 to NDC-2—the magnitude of effort Japan
must undertake remains higher than before. Achieving these targets would
demand even greater ambition and action under its NDC-2 commitments.

Discussion

We have updated the Bayesian probabilistic climate change projection
method of Liu and Raftery” to include the post-Paris nine years of data, to
use more current estimates of climate sensitivity, and to update previous
data. The underlying model has turned out to be well-calibrated when
assessed using the more recent data.

In the nine years after the adoption of the Paris Agreement, carbon
intensity worldwide declined by 25%, an annual rate of 3.1%, compared with
the previously projected rate of 2.4% and the target rate of 4.1% implied by
the NDC-1s. While falling short of the NDC-1s, this is a substantial
improvement over the pre-Paris period, when the annual rate of improve-
ment was 1.1%. As a result, on current trends, annual emissions are now
projected to decline by 64% in 2100 relative to 2024, much faster than the
previously projected decline of 10%. This also implies that if the more
ambitious NDC-2 commitments are met, and progress continues at the
same rate until 2100, the chance of staying under 2 °C of warming by 2100 is
53%. On current trends, the chance of the most catastrophic warming, over
3 °C, has gone down from 26% based on data to 2015, to 9%. Uncertainty
about future temperature change has gone down dramatically, by 75%.

In spite of these positive developments, the overall news is not good. In
2015-2024, total CO, emissions actually increased by 5.6%, an annual rate of
0.6%. This is because world GDP increased faster than carbon intensity
decreased, more than canceling out the progress made. On current trends, the
projected increase in global average temperature by 2100, previously 2.6 °C,

has gone down only modestly to 2.4 °C, while the chance of staying under
2 °C, has barely changed, at 17%. The chance of countries meeting their
NDC-1s remains low, but if they do and efforts continue, the projected
temperature increase would be 2.1 °C, and the chance of staying under 2 °C
would be 34%.

Carbon intensity varies greatly around the world, with China and the
USA having intensities that are three and one and a half times greater than
that of Germany, respectively. This suggests that there is a big scope for
higher-emissions countries to reduce their emissions greatly and rapidly,
possibly by adopting some of the approaches in use in Germany and some of
the other lower-emissions European countries.

There are several potential limitations to our approach. We do not
explicitly model climate feedback to the drivers of greenhouse emissions.
However, the model does incorporate correlations between GDP per capita
and carbon emissions, thus allowing for such feedback. We found no evi-
dence of feedback from climate to population.

Also, we do not explicitly model non-CO, greenhouse gas emissions.
However, previous research has found that temperature increase by 2100 is
largely a linear function of cumulative carbon dioxide emissions™”, so that
explicitly including other greenhouse gases would not substantially change
the projections. Specifically, camulative fossil fuel CO, emissions account
for over 90% of the variance in projected global mean temperature across
climate models®. Our underlying statistical model is a linear regression
model, in which non-CO, greenhouse gas emissions contribute to the
stochastic error term. The uncertainty in our probabilistic forecasts can thus
be viewed as partly due to uncertainty about future non-CO, greenhouse gas
emissions. However, this uncertainty is small relative to uncertainty about
future CO, emissions because the latter account for much more of the
overall uncertainty in the forecasts.

Thus, incorporating non-CO, greenhouse gases into the model would
be unlikely to change the results substantially or make the forecasts much
more accurate or better calibrated, but it could make the modeling exercise
more complicated and harder to interpret and communicate. Nevertheless,
if highly reliable forecasts of future non-CO, emissions and assessments of
their effects on future climate change could be developed, it would be worth
including them. It should be noted that not including non-CO, greenhouse
gases does not imply that they do not have an important effect on climate
change, but merely that including them would not greatly change the
probabilistic forecasts. Indeed, there is evidence that non-CO, greenhouse
gases do have an impact on climate change* . Thus, a limitation of our
approach is that it would not yield policy advice about non-CO, emissions.

Methods

Data

We used annual datasets spanning from 1960 to 2024 for 157 countries,
accounting for over 99% of the global population. Population data were
collected from the World Population Prospects 20247, updated to 2023.
Predictions for the year 2024 are based on historical growth trends from
2022 to 2023, since population tends to change smoothly. Using the same
model used by the United Nations for its probabilistic projections, we
produced country-specific probabilistic forecasts for all countries.

GDP per capita (GDPpc) data are adjusted to reflect equal purchasing
power parity (PPP) in 2011 US dollars, and are derived from the 2023
version of the Maddison Project™, with updates extending to 2022. For the
following years, data are supplemented from the World Economic Outlook
(October 2024)”, applying a multiplicative adjustment calculated as the
ratio of Maddison GDPpc to IMF GDPpc in 2022 for each country. This
approach helped us update the data to 2024.

CO, emissions were obtained from the Global Carbon Budget 20247,
which provides updates through 2023. According to the report, in 2024, CO,
emissions were expected to increase by 0.2% in China, 4.6% in India, and
0.4% in the rest of the world, while declining by 0.6% in the United States,
and 3.8% in the European Union (EU27, excluding the UK).

The observed temperature data were from the HadCRUT.5.0.2.0
analysis dataset’, which has been updated to include records through 2024.
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Estimating climate sensitivity by the TCRE

Liu and Raftery® estimated climate sensitivity using an ensemble of climate
models from CMIP5. Instead, here we represent the relationship between
CO, emissions and temperature through the Transient Climate Response to
Cumulative CO, Emissions (TCRE), defined as the change in global average
surface temperature change per unit of CO, emitted”. Since TCRE is
generally derived from climate model outputs and is independent of CO,
emission rates and remains relatively constant over time™, it is a stable and
reliable metric that combines the results of various climate models. More
importantly, the TCRE value reported in the latest IPCC AR6 report
accounts for and reduces the influence of certain extreme models in CMIP6,
resulting in a lower estimate of climate sensitivity compared to the CMIP5
ensemble. The ARG represents uncertainty about the TCRE (° C/1000
GtCO,) using a Gaussian distribution with mean 0.45 and standard
deviation 0.18" (p. 749).

Temperature forecasting model

The model is built in the following two main steps. First, we make projec-
tions of the three components of the IPAT identity based on Bayesian
hierarchical models, and we then get the CO, emissions forecast by mul-
tiplying them together. We obtain the population projection from the UN’s
official World Population Prospects 2024 version, which uses Bayesian
hierarchical models for fertility, mortality, and migration. Projections for
GDP per capita and carbon intensity follow the methodology outlined in
ref. 5. For GDP per capita, the model assumes the existence of a global
economic frontier, represented by the United States, which follows a ran-
dom walk with drift on the logarithmic scale. The GDP per capita of other
countries is assumed to converge stochastically toward this frontier at
country-specific rates. Meanwhile, the logarithm of carbon intensity is
modeled as a linear trend plus a first-order autoregressive (AR(1)) process
for each country. These hierarchical models allow each country to have its
own set of parameters drawn from a shared global distribution, borrowing
strength across countries. This framework helps most for nations with
sparse or noisy data, as it provides more stable and reliable projections while
preserving country-specific dynamics.

The model's performance was assessed through out-of-sample pre-
dictive validation, which showed it to be reasonably well calibrated for
probabilistic forecasting of population, GDP, carbon intensity, and emis-
sions both at national and aggregated scales’. The more recent data confirm
that the model is well calibrated.

Second, we make temperature predictions based on a linear model.

X, = o+ B, + €,

in which ¢, and x, are cumulative carbon emission and global temperature
anomaly in year ¢ for ¢ = 2025, ..., 2100, respectively. The quantity ¢, is an
error term that captures the residual variation in temperature anomalies,
including model uncertainty, measurement errors, and other unobserved
influences on temperature dynamics. The parameter f is an overall climate
sensitivity, and here we use the TCRE (following N (0.45, 0.182)°C for per
1000 Gt CO,). The parameter « is the intercept.

We used a Markov Chain Monte Carlo (MCMC) sampling algorithm
on the models for population, GDP per capita, and carbon intensity. For
population, we used the Bayesian hierarchical models used by the UN, while
for GDP per capita and carbon intensity we used the ‘rjags’ packagein R. The
analysis was conducted using five separate chains, each running for a total of
100,000 iterations following an initial burn-in period of 5,000 iterations. To
reduce autocorrelation, we applied thinning by retaining only every 20th
sample. To generate probabilistic forecasts of CO, emissions for each
country, we drew samples from the future population distributions and
jointly sampled from the joint posterior distribution of GDPpc and carbon
intensity for all future years and countries. These sampled values were then
multiplied to create posterior trajectories for CO, emissions. This entire
process was repeated 1000 times, resulting in 1000 sets of posterior CO,
emissions samples. For the temperature prediction, we used 1000 samples of

cumulative CO, emissions for each year and obtained corresponding
temperature samples based on the linear model.

Required increase in the NDCs to meet the climate target

To achieve a climate target with a given probability requires keeping

cumulative CO, from year 2025 to year T'to at most C Gt CO,. We define an

annual global decline rate a to achieve this. Suppose that in 2024 the annual

emission is E,. Then in 2024 + t, the annual emissions are E, = Epe ™.
Thus, cumulative global emissions from year 2024 to year T are

T—2024 1 — e~ (T-2024)a
/ Fpe"dt = E, (7) _c (1)
0 a

Let a. represent the annual decline rate necessary to fulfill the NDCs of
the Paris Agreement. This rate is determined as the solution to (1), where C
denotes the cumulative emissions by time T under the “Continued” sce-
nario. Let a, be the annual decline rate to reach the climate goal G°Cat year T
with probability p. Based on historical data and the country’s NDC goal, we
can estimate the annual decline rate g, from the period 2025-2030, and
obtain the actual annual emission Y at 2024.

Given a climate target G°C by year T, with a probability p, we can
express this goal as

P(x;<G) = p, @

P(xcr+a<G) =p. (3)

Let 8, be the q quantile of 3 where P(B<f3,) = g. Given & = X,024 — fC2024- the

maximum cumulative emissions are

G—x

Cr=—" 24 (4)
By

Then, for a given country, the requlred emissions to meet the climate target

G°Cattime Twouldbe Y x (1 — 2% a,) » where a,, is the solution of

—(T—2024)a

E, <1 £ = Cy.Inour case, T=2100 and G = 2.

While cbuntries NDCs take various forms—including absolute
emissions reductions, reductions in emissions intensity, or reductions
relative to business-as-usual (BAU) scenarios—we standardize all targets
into implied reductions in fossil fuel and industry CO, emissions. We focus
on these emissions because they are more consistently reported across
countries, the IPCC AR6 highlights a near-linear relationship between
cumulative CO, and global temperature change, and prior research has
shown that fossil fuel CO, emissions alone account for over 95% of the
variance in projected global temperature increases"’. For countries with
absolute targets (e.g., the USA), the NDC is treated as a commitment to a
specific emissions level by 2030. For those with intensity-based targets (e.g.,
China), we calculate the carbon intensity by dividing annual emissions by
the corresponding year’s GDP from the World Bank. For BAU-based tar-
gets, we compute the promised reduction relative to the projected BAU level
and apply this proportion to our probabilistic forecast. In all cases, the
implied NDC target is used to derive the annual decline rate a,, which is then
compared with the rate a, required to meet a specific climate goal.

Data availability
Data needed to replicate this analysis are available at the GitHub repository
https://github.com/jitongj/Climate.

Code availability
Code to replicate this analysis is available at the GitHub repository https://
github.com/jitongj/Climate.
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