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The Paris Agreement legally commits the international community to keep anthropogenic global
warming well below 2.0 °C, while efforts shall be made to hold the 1.5 °C-line. Under climate business
as usual, however, the transgression of those lines will happen in the next few decades, causing major
adaptation challenges. Fully-fledged Earth System Models are usually employed for concrete
overshoot-timing projections, yet they are not only computationally expensive, but their internal
variability is model dependent, which may significantly distort (and invalidate) their projections. Here
we present, as an alternative, a purely data-driven approach based on the persistence properties of the
observed global temperatures. We quantify, in a probabilistic way, the natural variability that must be
superimposed on the anthropogenic trends in order to retrieve the observed warming behavior. When
assuming that the anthropogenic warming continues at the current rate, we actually arrive at
comparable overshoot timing estimates as the Earth System Models and provide an explanation for
this finding. Since the two approaches are independent, they support each other strongly and highlight

the need for an effective overshoot management.

Ever since the Paris Agreement in 2015, “holding the increase in the global
average temperature to well below 2.0 °C above pre-industrial levels and
pursuing efforts to limit the temperature increase to 1.5°C above pre-
industrial levels” has become an international goal that requires efforts of
humanity. In spite of recent activities on limiting carbon emissions', however,
we are still on the track of approaching the 1.5 °C threshold’. In 2018, the
Intergovernmental Panel on Climate Change (IPCC) Special Report on
1.5 °C indicated that the 1.5 °C warming level is likely to be exceeded (with
66% probability) between 2030 and 2052 if global warming “continues to
increase at the current rate™. More recently, the IPCC AR6* reported that in
all scenarios considered in WGI except the very high emissions scenario
(SSP5-8.5), the midpoint of the first 20-year running average period during
which the assessed global average temperature change reaches 1.5 °C lies in
the first half of the 2030s. Only in the very high greenhouse gas emissions
scenario is the midpoint in the late 2020s. On the other hand, the running 12-
months mean for the global surface temperature has recently transgressed the
1.5 °C-line already’, but this may be just a short overshoot episode.

In their projections, the IPCC considered a 20-year average for the
warming level (see also the Discussion in refs. 6,7). The 20-year average may,
to some extent, filter out the natural cycles, but this may not be sufficient in
view of the multiple-scale variability of the climate system®. In addition, the

recently discussed “hot model” problem in many ESMs may enhance the
uncertainties of the ESM’s projections™'’. Different approaches have been
suggested to arrive at a best aggregated estimate based on the ESM’s outputs,
in particular, to reconcile them with historical observations'' ™.

In general, the global average temperature is composed of an anthro-
pogenic warming trend and a stochastic natural trend. The anthropogenic
trend is the response to the anthropogenic forcings’, which include forcings
due to greenhouse gases, aerosols and land use changes, and is relevant for
the Paris Agreement. We would like to note that in this study, we consider
the effective anthropogenic trend, which results from all the anthropogenic
forcings. The natural trend arises from the natural variability and includes
the response to forcings like the solar cycle and volcanism. The natural trends
are superimposed on the anthropogenic trend and may either enhance or
decrease it, as, for example, in the rapid warming period from the late 1970s
to the late 1990s or in the “global warming hiatus” period afterwards'*".

Accordingly, a proper consideration of the natural variability in the
global mean temperature series is essential for the estimation of the magni-
tude of present and future anthropogenic trends. For instance, imagine in a
“gedankenexperiment” that the natural fluctuation of the global mean tem-
perature was extremely large, say, of the order of 3 °C per decade. In such a
scenario, it cannot be ruled out that a stochastic non-anthropogenic warming
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Fig. 1 | Global mean surface temperature (GMST) of the Berkeley Earth data set.
The figure shows the deviation of the GMST from the pre-industrial period
1850-1900 (blue horizontal line). In the (approximately) linear trend regime
between January 1970 and December 2023, we performed a linear regression ana-
lysis. At the endpoints of the (blue) regression line, the temperature difference is
0.26 °C and 1.34 °C. The standard deviation of the data around the trend line is
0=0.149 °C. The HadCRUT data show a similar development, with slightly lower
endpoints of the regression line (0.20 °C and 1.27 °C), and ¢ = 0.140 °C.

excursion pushes the global temperature above 2.0 °C in the medium term. In
contrast, a strong negative natural trend could delay the breaching of the
2.0 °C-guardrail by several decades. In such an extreme scenario, the steady
anthropogenic trend would dominate in the very long run only.

Here we develop a data-driven stochastic approach to address the
above challenges, which is based solely on observational data and is thus
complementary to the ESMs. ESMs consider natural trends by directly
simulating the components of the Earth system and their interactions. Based
on the ESM approach, single-model initial-condition large ensembles
(SMILEs) (e.g., ref. 16), provide a way to obtain estimates of the internal
variability by running an individual ESM many times with different initial
conditions. Calculating the ensemble statistics around the mean forced
response allows then to estimate the internal variability within the model.
However, such a SMILE does not represent an unbiased sample from the
underlying probability distribution. Indeed, the model-to-model differences
in temperature projections can be larger than the internal variability within a
SMILE (e.g., refs. 17,18). Additionally, even the initialization procedure of
the same ESM can influence the model’s internal variability'’. To mitigate
modeling errors and to obtain more reliable projections, the outputs of
different ESMs can be combined, but the results depend on the applied
weighting scheme™. Thus, the uncertainty in ESM-based projections, given
a shared socioeconomic pathway (SSP) forcing scenario, depends markedly
on the inter-model uncertainty and how to handle it best, while their
simulated internal variability represents only a part of the uncertainty. In
contrast, our approach explicitly considers the role of the natural trends. It
exploits the fact that the natural trends in an observed record are closely
related to its persistence properties: records with strong serial autocorrela-
tions show a pronounced “mountain-valley” structure™"**, which reflects the
presence of natural trends” . It is well known that the global average
temperature is characterized by strong long-term correlations with a Hurst
exponent”™” close to 1 (e.g., ref. 28 and references therein).

Using this feature, we can generate surrogate data that reflect the
natural variability of the global average temperature and obtain the prob-
ability distribution of the expected natural trends. Under the assumption
that the anthropogenic warming trend continues to increase at the present
rate, this allows us to estimate, in a straightforward probabilistic way and
independently of the computationally demanding ESM simulations, the
likely and very likely time span when the 1.5 °C and 2.0 °C thresholds will be
lastingly exceeded. The method allows also to estimate efficiently the likely

and very likely temperature ranges in the near-term, around 2031, and in the
mid-term, around 2051. The uncertainty in the current natural trend leads
to an uncertainty in the magnitude of the current anthropogenic trend. This
uncertainty extends into the future and directly determines the uncertainty
in the quantities considered here.

Results

Anthropogenic warming rate of the past 54 years

We consider the Berkeley Earth and HadCRUT temperature datasets, which
represent the global mean surface temperatures (GMST)**’ between 1850
and 2023 and are widely used in climate science (see “Methods”). Figure 1
shows the Berkeley Earth data. Between 1850 and 1900, the data fluctuate
around a constant temperature value, which we set to zero here. Between
1920 and 1940, the temperature increases by about 0.26 °C and fluctuates
around this value for the next 30 years. After January 1970, the temperature
increases approximately linearly and fluctuates around the trend line. For
analyzing this trend, which is most relevant for estimating the future
development, we perform a linear regression analysis. A linear regression is
sufficient since assuming a quadratic trend would improve the explained
variance only marginally, and the additional fit parameter is not justified by
the data, see Supplementary Note 1. We find that the temperature difference
Ao between the pre-industrial period 1850-1900 and the start point of the
regression line in January 1970 is 0.26 °C in the Berkeley Earth record. In the
linear trend regime between 1970 and 2023, the temperature increase is
A" =1.08°C and the standard deviation ¢ around the trend line is 0.149 °C.
For the HadCRUT record, A= 0.20 °C, A" =1.07°C and ¢=0.140 °C.

In the following, we focus on the linear temperature regime. We are
interested in the anthropogenic part A, of the warming trend. Since the
anthropogenic trend A, and the natural trend A contained in A™ are
superimposed, we have

Ay = A* — A (1)

Accordingly, depending on the sign of A, the anthropogenic trend A4 can be
larger or smaller than the measured trend A",

To quantify the uncertainty in the anthropogenic trend, we consider
the g-quantile A,, which is related to the probability density P(A) of the
natural trends by

/ dAP(A) = ¢q, 0<gq<1, —00< A, <0o0. )
A‘J

By definition, natural trends above A, occur with probability g. Since
positive and negative natural trends are equally likely, Aps=0 and
A;_y=—A,. Accordingly, the anthropogenic trend is with probability g
above A"+ A, or below A —A,. As a consequence, the observed tem-
perature increase A’ is the median estimate of the anthropogenic trend, see
also Supplementary Note 2.

To obtain A,, we use the fact that the global average temperature data
are long-term persistent with Hurst exponents close to 1°*. This feature
allows to generate a large number of surrogate data with the same natural
variability as the two GMST records, and to determine the desired
q-quantiles. The procedure is described in the “Methods” section and
consists of 3 steps; we describe them here for the Berkeley record.

(i) First, to evaluate the long-term persistence of the record, we apply
the detrended fluctuation analysis of order 3 (DFA3)" (see “Methods”
section) and determine the fluctuation function F(s), which specifies how
the natural fluctuations of the record in time segments of length s scale with
s. For long-term persistent data, F(s) ~ s" where h > 1/2 is the Hurst exponent
(see “Methods” section). Supplementary Fig. 3a shows F(s) for the Berkeley
record between 1850 and 2023 (2088 months). The figure shows that F(s)
exhibits a slightly larger Hurst exponent at intermediate scales than at large
scales (h = 0.94). Accordingly, when we consider a shorter subsequence of
the record, e.g., the period between 1970 and 2023 (648 months), we do not
observe the asymptotic Hurst exponent h = 0.94, but the intermediate one
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Fig. 2 | Probability density and quantiles of natural trends. a Probability density
P(A) and b q-quantile A, of the natural trends A in the surrogate data for the Berkeley
Earth and HadCRUT data sets between 1970 and 2023, as a function of g. With
probability g, a trend A is above A,. For g =0.05, 0.1, 0.17, 0.33, 0.67, 0.83, 0.9, and
0.95, the quantiles are Ag s = 0.27, Ag; = 0.21, Ay 7 =0.15, Ay 33 =0.07,

Aoy = —0.07, Aggs = —0.15, Ago = —0.21, and Ag o5 = —0.27.

h =1.05 (see Supplementary Fig. 3b). We discuss in Supplementary Note 3
that the crossover behavior in F is caused by the El Nifio Southern Oscil-
lation (ENSO).

(i) Next we use the method of Lennartz and Bunde” (for more details,
see ref. 24 and the “Methods” section) to generate a large number of sur-
rogate time series of length 2088 with a Hurst exponent h=0.94 (see
“Methods” section). We consider in each record the last 648 data points and
normalize them such that their standard deviation is identical to the stan-
dard deviation o = 0.149 of the Berkeley Earth data set around the trend line
between 1970 and 2023. The resulting records can serve as a set of surrogates
for the monthly Berkeley data between 1970 and 2033 when the role of
ENSO is being disregarded. For the HadCRUT record, we proceeded ana-
logously. We will refer to this data set as Set I.

(iii) To take into account the effect of ENSO, we consider in Set I only
those records where the last 648 data points are characterized by a DFA3
Hurst exponent h close (+0.01) to 1.05. This way, we obtained
N =38,000 surrogate records for the Berkeley record between 1970 and
2023. For the HadCRUT record where the Hurst exponents are k= 0.93
(1850-2023) and 1.11 (1970-2023), we proceeded analogously. We refer to
this data set as Set II.

We show in Supplementary Table 1 that our natural variability-focused
assessment of the climate overshooting timing depends only very slightly on
the choice of the surrogate data set. In the following, we will therefore limit
ourselves to Set II, and by surrogate data, we will therefore always under-
stand Set II.

To estimate the g-quantile A, we performed, in each of the N data sets
oflength L = 648, alinear regression (as shown in Fig. 1): from the regression
line r;,=bi+d,i=1,2 -+ , L, we obtain the magnitude of the trend A =
b(L—1). We number the NA-values according to their rank,
AV < AP < e AP < AP < is < ANV AN Above A”, there are
(N — n) A-values. Accordingly, A-values above A™ occur with probability
q= (N — n)/N. Thus the desired q-quantile of the natural trends is simply
Aq = ANC=9),

Figure 2 shows the probability density P(A) and A, for both the Berkeley
Earth data and the HadCRUT record in the linear trend regime between 1970
and 2023. The Figure shows that in both records, the A -values are practically
identical, i.e., despite the different ways both records have been obtained and
despite the different offsets A.g in their absolute temperature value, both
datasets exhibit the same underlying natural variability. The values of the
quantiles for g =0.05, 0.1, 0.17, 0.33, 0.66, 0.83, 0.9, and 0.95 are listed in the
Figure Caption.

Assessment of future global warming and the time remaining
until the 1.5 °C and 2.0 °C thresholds are exceeded

Figure 3 shows the conceptual setup of our method (here based on the
surrogates of the Berkeley Earth data): (a) displays 2 records of the surrogate
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Fig. 3 | Observed trend, natural trends, and related anthropogenic trends. a Two
surrogate records with trends identical to the 0.05 quantile A, o5 = 0.27 and the 0.95
quantile, Ag g5 = —Ag g5. In addition, a not-yet-applied external (anthropogenic)
forcing trend is shown as a red line. b When the anthropogenic trend (same red trend
line as in (a)) is imposed on the natural fluctuations of (a), the resulting actually
observed warming trend (upper and lower blue lines) may be equally likely higher or
lower than the anthropogenic trend. Here, the real anthropogenic trend is known,
but not which trend will become the actual observed trend. ¢ The central turquoise
record shows the observed Berkeley Earth data and corresponds to the turquoise

curves in (b). The observed warming trend between 1970 and 2023 (blue line)
corresponds to one of the blue lines in (b), however, here it is not known if, e.g., it is
the lower or the upper one. That is, the real unknown anthropogenic trend may be
higher or lower (red lines) than the observed trend. The upper and lower red trend
lines are obtained by adding to the observational trend the lines for the natural trends
obtained from our surrogate data with quantiles A o5 and Ag g5 = —Ag gs. Thus the
observed trend line (blue) is the most likely (median) anthropogenic trend. By
construction, the real (unknown) underlying anthropogenic trend is with 90%
probability between the two red lines. The dashed lines are the projections into the
future. The intersections of the vertical dotted lines in 2031 and 2051 with the dashed
red trend lines show the very likely anthropogenic temperature ranges in these years.
The intersections of the dashed red lines with the horizontal dotted lines show the
very likely periods of time when the thresholds will be passed.

data, with (natural) trends identical to the 0.05 quantile Ay g5 = 0.27 °C (upper
curve) and the 0.95 quantile Ag 95 = —Ag 05 (lower curve), such that 90% of the
natural trends are between both trend lines. For simplicity, the lower curveisa
mirror image of the upper one. A not-yet-applied forcing trend is shown as a
redline. (b) When we superimpose the anthropogenic trend (red line) and the
natural fluctuations, we obtain 2 surrogates for the observed global mean
temperature trend (upper and lower blue lines). The observed trend line can
be equally likely below or above the anthropogenic trend line.

This feature is quantified in Fig. 3c. The figure shows the Berkeley record
between 1970 and 2023 with its observed trend line in blue (from Fig. 1) and
two anthropogenic trend lines (in red) obtained from the superposition of the
observed trend line (from Fig. 1) and the two natural trend lines from Fig. 3a.
In plotting the figure we have assumed that the anthropogenic warming will
continue at the present rate (dashed lines), see also next subsection. By
construction, it is very likely (90% probability) that the future anthropogenic
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trend is between the two dashed red trend lines. Figure 3¢ shows explicitly that
the uncertainty in the estimation of the current natural trend is the origin of
the uncertainty in the future anthropogenic trend, which may be equally likely
above or below the observed warming trend.

For a specific g-value, between 1970 and 2023 the anthropogenic
warming rate per month is

b, = (A" = A)/(L—1). 3)

For q=0.95 and 0.05 shown in Fig. 3¢, b, 0.00125 resp. 0.00209 °C per
month for the Berkeley record, and b, & 0.00124 resp. 0.00207 °C per month
for the HadCRUT record. For q = 0.83 and 0.17 (defining the likely range),
by =0.00143 resp. 0.00191°C per month for the Berkeley record, and
b,y 20.00142 resp. 0.00189 °C per month for the HadCRUT record.

At the start of the trend line in January 1970, the temperature increase
A compared with the 1850-1900 period is 0.26 °C for the Berkeley record
and 0.20 °C for the HadCRUT record. Accordingly, in month # (counting
from January 1970, i.e., m = 1 refers to January 1970 and m = 648 to December
2023), the anthropogenic part of the GMST will be, with probability g, above

T, (m) = Ay + (1 — Db, @
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Fig. 4 | Time by which 1.5 °C and 2.0 °C will be exceeded with probability q. The
figure shows the g-quantiles of the time to exceed a the 1.5 °C and b the 2.0 °C
warming threshold versus g, based on Eqs. (3) and (4). The figure shows in which
year y the thresholds will be exceeded, as a function of the probability g, for the
Berkeley Earth (BE) and the HadCRUT records, both considered until 2023. The full
symbols are the IPCC AR6 estimates for the high emissions scenario SSP3-7.0 and
the intermediate emissions scenario SSP2-4.5. The black crosses are based on the
Berkeley Earth data until 2003. The green crosses are based on the IPCC 2018 report.

By definition, Ty(1) = Aygand To5(648) = Ayg+ A". Equation (4) yields the
projected temperature range in month m and allows to determine the likely
and very likely period of time when a certain threshold © will be passed.
Equation (3) reveals that the g-quantiles of the natural trends shown in Fig. 2
are the only relevant quantity here. They are obtained from the observations
of the past 54 years (1970-2023) and determine the uncertainties of the
anthropogenic trend in both the observations and the projections.

Accordingly, the best estimates and very likely ranges (90% probability)
of the GMST based on the Berkeley record are 1.48 [1.18 to 1.79] °C in the
near term (m = 733, January 2031) and 1.88 [1.48-2.29] °C in the mid-term
(m =873, January 2051). The respective likely ranges (66% probability) are
[1.31-1.66] °C (2031) and [1.65-2.12] °C (2051). For estimates based on the
HadCRUT record, one has to subtract about 0.07 °C from each temperature
value. For completeness, we list also the results near the end of the century.
We do not think that our assumption of a constant anthropogenic warming
trend will be correct in 2091, but the results can serve as a lower bound, when
the warming will be faster, or as an upper bound in the case that the
anthropogenic warming rate will be lower than today. For January 2091
(m =1453), the best, very likely and likely ranges for the Berkeley Earth
record are 2.68, [2.08-3.29] °C and [2.34-3.03] °C, respectively.

Figure 4 shows the times when the thresholds 1.5 °C and 2.0 °C will be
passed, as a function of the probability g. For the 1.5 °C threshold, the best
estimates and very likely ranges are 2031 [2019-2052] (Berkeley) and 2035
[2022-2057] (HadCRUT). The likely ranges are: [2024-2042] (Berkeley)
and [2027-2046] (HadCRUT). The probability that the 1.5 °C-threshold
has already been passed at present (June 2025) is 21.8% for the Berkeley and
10.9% for the HadCRUT record. For the 2.0 °C threshold, the best estimates
and very likely ranges are 2056 [2039-2086] (Berkeley) and 2060
[2042-2091] (HadCRUT). For the likely ranges, the estimates are
[2046-2071] (Berkeley) and [2049-2075] (HadCRUT).

We would like to note that these results are based on surrogate data Set
11, which takes into account the effect of ENSO. Surrogate data Set I yields
very similar results, see Supplementary Note 4. This demonstrates that the
quasi-periodic influence of ENSO has only a minimal effect on our
estimates.

Consistency check

For checking the consistency of our approach, we have regarded the Ber-
keley Earth data between 1850 and 2003, and used the same approach to
assess the range of the anthropogenic warming in 2031 and 2051, as well as
the time ranges when the anthropogenic warming will exceed the 1.5 and
2.0°C thresholds. Table 1 shows that the estimates of the median tem-
peratures and median times based on data until 2003 agree quite well with
the estimates based on 20 years more data. The estimates of the likely

Table 1 | Comparison of the estimates based on natural variability and IPCC scenarios

BE until 2003 BE until 2023 SSP2-4.5 SSP3-7.0
Temperature 2031 1.46°C 1.48°C 15°C 1.5°C
Likely range [1.17-1.75]°C [1.31-1.66] °C
Very likely range [0.95-1.97]°C [1.18-1.79]°C [1.2-1.8]°C [1.2-1.8]°C
Temperature 2051 1.85°C 1.88°C 2.0°C 2.1°C
Likely range [1.47-2.23]°C [1.65-2.12] °C
Very likely range [1.18-2.52]°C [1.48-2.29]°C [1.6-2.5]°C [1.7-2.6]°C
1.5 °C threshold 2033 2031 2031 2031
Likely range 2020-2053 2024-2042
Very likely range 2014-2079 2019-2052 2022-2047 2023-2043
2.0 °C threshold 2058 2056 2053 2047
Likely range 2041-2087 2046-2071
Very likely range 2032-2124 2039-2086 2038-2085 2036 to 2063

The table compares our estimates based on the Berkeley Earth (BE) data until 2003 and until 2023 with the IPCC SSP2-4.5 and SSP3-7.0 scenarios. It shows the GMST increase in 2031 and 2051, as well as
the corresponding likely and very likely ranges, based on Egs. (3) and (4). The table also compares the estimates for the time when 1.5 °C and 2.0 °C will be exceeded and the corresponding likely and very
likely ranges. The IPCC estimates are based on the average of 20 year periods, and we show the midpoint of these periods.
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Fig. 5| Projections based on the Berkeley Earth (BE) record and projections of the
IPCC SSP scenarios. a Our median projection based on the BE record (thick blue
line) and the corresponding 0.05 and 0.95 lower and upper bounds (thin blue lines),
and the median projection for the intermediate emissions scenario SSP2-4.5 (thick
orange line) and the corresponding very likely range (0.05-0.95). b Same as a but for
the high emissions scenario SSP3-7.0.

temperature and time ranges made in 2003 are quite close to the estimates of
the very likely temperature and time ranges made in 2023. This confirms that
our approach is internally consistent and actually allowed a quite reasonable
projection of future global warming already in 2003.

The fact that our projections based on the shorter data set show a
considerably larger uncertainty is a consequence of the long-term persis-
tence in the GMST. In long-term persistent records the slope b of the natural
trend decreases with increasing record length L*. Since the natural trends
are the main source for the uncertainty in the anthropogenic warming trend
estimated here, the uncertainty is larger in the shorter data set and smaller in
the longer data set. In other words, when more observational data is
available in the future, the likely and very likely ranges reported in Table 1
will be reduced.

Comparison with the Earth System Model assessments

In the 6th assessment report (AR6), the IPCC' assessed the climate
response to 5 illustrative scenarios based on Shared Socioeconomic
Pathways (SSPs) that cover the range of possible future development of
anthropogenic drivers of climate change found in the literature™. Very
high and high greenhouse gas (GHG) emissions scenarios (SSP5-8.5 and
SSP3-7.0) have CO, emissions that roughly double from current levels by
2050 and 2100, respectively. The intermediate GHG scenario (SSP2-4.5)
has CO, emissions remaining around current levels until 2050. The very
low and low GHG emissions scenarios (SSP1-1.9 and SSP1-2.6) have CO,
emissions declining to net zero around 2050 and 2070, respectively, fol-
lowed by varying levels of net negative CO, emissions. Given the fact that
the world’s largest economies, including the USA, China, and the European
Union, are making strong efforts to reduce emissions, the very high
emission scenario does seem improbable, and at present, it is difficult to see
whether the conditions of the low and very low emission scenarios can be
achieved.

Thus, we compare our assessments for the range of future anthro-
pogenic warming and the remaining time until the 1.5 and 2.0 °C thresholds
will be exceeded with those of the scenarios SSP2-4.5 and SSP3-7.0.

We would like to note that, in contrast to the SSP scenarios, which
consider separately pathways for the GHGs and the aerosol forcings, we
consider effective anthropogenic trends, which include all the anthro-
pogenic forcings. Figure 5 compares our projection based on the Berkeley
Earth record with the IPCC projections based on the SSP2-4.5 and SSP3-7.0
scenarios™*, Please note that here the IPCC projections are assessed pro-
jections, which were obtained by weighting the CMIP6 model simulations
by their skill to reproduce the past warming trend''™". In addition, an
updated assessment of equilibrium climate sensitivity’’ has been used. Our
projection concurs remarkably well with the SSP2-4.5 scenario regarding
the median value and the lower 0.05 and upper 0.95 ranges. In particular, in
the near term (20y running average at 2031), the best estimate and very likely
ranges are identical in both scenarios®, 1.5 [1.2-1.8] °C, which fully agrees

with our estimate of the anthropogenic warming based on the Berkeley
record. In the mid-term (20y running average at 2051), they are nearly
identical, 2.0 [1.6-2.5]°C (SSP2-4.5) and 2.1 [1.7-2.6]°C (SSP3-7.0).
Again, both estimates are quite close to our estimate of 1.9 [1.5,2.3] °C based
on the Berkeley record. In the long term (2091), both scenarios differ
strongly, 2.7 [2.1-3.5] °C (SSP2-4.5) and 3.6 [2.8-4.6] °C (SSP3-7.0). Our
estimate 2.7 [2.1-3.3] °C (Berkeley) is quite close to the SSP2-4.5 estimate.

Next, we compare the assessments of the remaining time until the 1.5
and 2.0°C thresholds will be exceeded, see also Fig. 4. Under the high GHG
emissions scenario (SSP3-7.0), the central estimate and the very likely range
when the midpoint of a 20 year running average will cross 1.5 °C are 2031
and [2023-2043]. Under the intermediate GHG emissions scenario
(SSP2-4.5), the corresponding years are 2031 and [2022-2047]. Both esti-
mates and their uncertainties are quite close to our estimates: 2031
[2019-2052] and 2035 [2022-2057] based on the Berkeley Earth and the
HadCRUT record, respectively.

For the 2.0 °C threshold, the central estimates and very likely ranges are
2047 [2036-2063] and 2053 [2038-2085] under the SSP3-7.0 and SSP2-4.5
scenarios, respectively. Again, the SSP2-4.5 estimate is close to our estimates
2056 [2039-2086] (Berkeley) and 2060 [2042-2091] (HadCRUT), but
based on our analysis, there may be a little more time until the 2.0 °C
threshold is exceeded.

It is worth noting that the likely and very likely ranges obtained from
our data-driven approach stem from the q-quantile of the anthropogenic
trend, which is associated with the impacts of natural variability in the
observations from 1970 to 2023. They are different from the uncertainty
sources of the ESM projections, but a direct comparison here indicates that
our simple data-driven approach based on observations of the past 54 years
already has similar skills as the ESMs in projecting future warming trends.
When more data is available in the future, we expect further reduced
uncertainties based on our approach.

Conclusions

In our data-driven approach for estimating future warming, we used the fact
that the observed warming trend is the superposition of the anthropogenic
warming trend driven by the anthropogenic forcings and a natural trend
driven by the physiogenic variability of the global climate system. To esti-
mate the natural trend, we exploited the long-term persistence property of
the planetary surface temperature and generated a large number of surro-
gate data for the natural variability of (i) the Berkeley, and (ii) the HadCRUT
record between 1970 and 2023, where the observed temperature increases
approximately linearly in both cases. The surrogate data enabled us to
determine the g-quantile of the natural trends as well as the related
g-quantile of the anthropogenic trend, between 1970 and 2023.

By assuming that the anthropogenic trend will continue to increase at
the current rate, we could estimate the g-quantile of the anthropogenic trend
in the coming decades and this way assess the range of warming in the near
term (around 2031) and the midterm (around 2051) as well as the range of
the years in which the 1.5 °C and the 2.0 °C warming thresholds, which are
crucial to avoid tipping processes’**, will be likely and very likely exceeded.

Our data-driven statistical approach is complementary to the com-
putationally demanding Earth System Model approach used by the IPCC,
where the uncertainty is not only arising from the internal variability, but
also related to the ESMs’ representation of physical processes of the Earth
System. It has been well recognized that the ESMs can respond to external
forcings differently. This has been named “model uncertainty”, which is
non-negligible in future projections of a few decades to even longer time
scales, and motivates the IPCC to apply various methods (e.g., the
observation-based constraint methods) to reduce it.

In contrast, in our approach, the uncertainty in future anthropogenic
warming comes from the fact that the natural trend in the past can only be
assessed in a statistical way, i.e., one can only specify the probability that the
natural trend is above (or below) a certain value. Since the natural trend and
the anthropogenic trend are superimposed, which results in the observed
warming trend, the uncertainty in the anthropogenic trend is a direct
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consequence of the uncertainty in the natural trend. This uncertainty
extends into the future and directly determines the uncertainty in the
quantities considered here. We would like to note that our here-discussed
linear approach (where we assume that the anthropogenic warming will
continue to increase with the same rate as before) can be adapted to the case
when the future anthropogenic warming is assumed to increase in a certain
non-linear fashion. While considering this case requires a much higher
computational cost, the linear approach discussed here can be used as a
reasonable first order approximation.

We consider it as remarkable that both our data-driven approach,
which is solely based on the observational data of the past, and the Earth
System Model approach under the high and intermediate GHG emissions
scenarios, yield quite similar projections for the range of warming in the near
term and midterm as well as for the range of the years in which the 1.5°C
and the 2.0 °C warming threshold will be likely/very likely exceeded. Since
both approaches are methodologically completely independent of each
other, given the observational record that both use as a reference, they
support each other strongly. Our tentative explanation for this important
match is the implicit accounting for natural climate variability in the model
ensembles employed by the IPCC and other assessment schemes: Each of
the individual complex simulation machines contain many knobs (fits,
parametrizations, flux corrections, bias adjustments, etc.) that can be turned
to reconcile model outputs with the historical data. However, a deeper
exploration of the coincidence we found is certainly required.

In any case, the policy-relevant bottom line of our study is that
breaching the 1.5° C-warming threshold seems unavoidable. On the other
hand, recent investigations on the so-called “Zero Emissions Commitment"
suggest that zero CO, emissions likely imply flat future temperatures”, so
there is some hope that breaching the 2 °C-threshold might be averted™ if
global emissions can be eliminated before 2050. Since the latter may either
not be feasible or not suffice, overshoot management needs to be considered,
ie, the mid-term return to below-2°C temperature regimes through
negative emissions.

Methods

Data

In this study, we use the Berkeley Earth and HadCRUT5 monthly global
mean surface temperature (GMST) data sets that cover the period from
January 1850 to December 2023.

Detection of the persistence properties of the GMST data sets
For analyzing the natural persistence structure of both records, we
applied the standard Detrended Fluctuation Analysis of order n=3
(DFA3). In DFA3”', one measures the natural variability of a record of
length L by dividing it into L/s non-overlapping segments of length s and
studying how the fluctuations in the segments change with the segment
length s. To this end, one determines for each data pointi,i= 1,2, ...,s,in
segment v the cumulative sum Y of the data and determines the var-
iance F*(s) of Y around the best polynomial fit of order 7 = 3, this way
eliminating systematically linear and quadratic trends in the original data
set. After averaging F>(s) over all segments v and taking the square root,
we arrive at the DFA3 fluctuation function F(s). One can show that
asymptotically

F(s) ~ " (5)

The exponent h can be associated with the Hurst exponent. For uncorrelated
and short-term correlated data, i = 1/2. For h above 1/2, the data are long-
term persistent. Long-term persistence occurs in a large number of climate
data, among the most prominent examples are temperature™>*, river run-
off *7*# relative humidity**° and sea-level”** data. The larger h is, the
stronger is the long-term persistence in the time series, and the more
pronounced is its mountain-valley structure. The detrended fluctuation
analysis allows to distinguish between short- and long-term persistent
processes” and provides reliable results for segment lengths s between 10

and /4", and data lengths L above 400 data points. The exponent h can be
determined by a power-law fit between 10 and L/4.

Generation of long-term persistent surrogate records

For generating the proper ensemble of surrogate data for both GMSTs, with
fixed length L = 2088 and fixed Hurst exponent & (h = 0.94 for the Berkeley
record and & = 0.93 for the HadCRUT record), we closely follow the method
of refs. 23,24,26. The method has been successfully applied to, among others,
the analysis of trends in local, regional and global surface air temperatures,
sea level rise and sea ice extent****”**** and consists of 2 steps:

In step (i), we employ the Fourier Filtering Technique (FFT)
(e.g, refs. 24,55) to generate Gaussian distributed long-term
persistent records of length L,=2", with (global) Hurst exponents
hg: 0.81, 0.82, 0.83, ..., 1.19, 1.20. For each hg value, we generated 1000
records in the case of Berkeley Earth and due to the larger mismatch between
the two Hurst exponents, see below, 10,000 records in the case of HadCRUT.

In step (ii), we extracted, from each record, 1004 non-overlapping
subsequences of length 2088 (corresponding to the number of months in the
GMST records between 1850 and 2023) and applied DFA3 to each record.
Since the Hurst exponents of the subsequences fluctuate around their global
value due to finite size effect (see Supplementary Note 5), we took into
account only those subsequences where the h-value was between 0.93 and
0.95 for the Berkeley record and between 0.92 and 0.94 for the HadCRUT
record. We checked that values from outside the above range of global Hurst
exponents do not contribute to our results.

We consider in each record the last 648 data points and normalize
them such that their standard deviation is identical to the standard deviation
of the respective GMST around the trend line between 1970 and 2023. The
resulting records can serve as a set of surrogates for the monthly data of both
GMSTs between 1970 and 2023 when the role of ENSO is being disregarded.
We will refer to this surrogate data set as Set I.

In an additional step, for taking into account the larger persistence of
the GMST's between 1970 and 2023 due to ENSO, we considered only those
surrogate records in Set I that are characterized by a DFA 3 Hurst exponent
h close (£0.01) to the observed exponents h=1.05 (Berkeley), h=1.11
(HadCRUT). We refer to these data set as Set II.

This way, we create surrogate data that match the Hurst exponents of
the observed GMSTs, while taking fully into account the inherent uncer-
tainty due to finite data length. For a discussion of the sensitivity of the
natural trends on the Hurst exponent, see Supplementary Note 6 and ref. 26,
and for a discussion of the influence of measurement errors, see Supple-
mentary Note 7.

Data availablility

The Berkeley Earth Global Temperature data is available at: https:/
berkeleyearth.org/data/. The HadCRUT5 global mean temperature data
is available at: https://crudata.uea.ac.uk/cru/data/temperature/. The IPCC
SSP2-4.5 and SSP3-7.0 global temperature projections are available at:
https://catalog.ceda.ac.uk/uuid/98af2184e13e4b91893ab72f301790db.

Code availablility
The codes used to produce these results are available from the first author on
request.
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