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Abstract

Reliable estimates of when global mean temperature will exceed the Paris
Agreement's 2°C threshold are generally derived from emissions scenarios and
climate models rather than from the observed temperature record itself. This study
investigates whether the observed warming trajectory alone can provide a stable
empirical estimate of the crossing date. Least-squares exponential, quadratic and
linear curves were fitted to monthly global temperature anomalies from the
HadCRUT5, NASA GISS v4 and NOAA v6.1 datasets over fitting spans ranging from
20 to 150 years for the HadCRUTS and NOAA datasets and from 20 to 120 years for
the NASA dataset. In total, 1,089 combinations of dataset, curve type and fitting span
were evaluated. For each combination, predicted 1.5°C and 2°C crossing dates were
recalculated as the fitted record was progressively truncated by one month at a time
from 2026. Standard deviations of the 2°C crossing dates were then calculated after
truncation had reached each final year between 2020 and 2000. Exponential fits
using the HadCRUTS dataset using fitting spans of approximately 148 and 96 years
accounted for most of the lowest-standard-deviation solutions. Assuming (a) these
fitted trajectories adequately represent the underlying warming trend, (b) the
temperature datasets accurately reflect global mean temperature, and (c) recent
warming behaviour continues, the analysis projects a 2°C crossing around 2041 for
the longer span and 2035 for the shorter span.

Introduction

The trajectory of global mean surface temperature has been monitored continuously
since the mid-nineteenth century. Yet converting this record into a reliable, data-
driven estimate of when the 2°C Paris Agreement threshold will be crossed remains
methodologically contested. This means most projections rely on emissions
scenarios and complex Earth system models?3# rather than the observed
temperature signal itself. This paper takes a purely empirical approach, using



observed temperatures to characterise the underlying warming trajectory and
extrapolate a crossing date. It is deliberately agnostic to the mechanistic assumptions
embedded in conventional climate modelling. Grounding the estimate in observed
data rather than modelled futures complements scenario-based projections. Indeed,
it produces a result that can be verified directly from the observed temperature
record, independently of emissions scenarios or climate model projections.

Methods

Global monthly temperature anomaly data were used from three sources:
HadCRUTS5 (Met Office), NOAAGIobalTemp v6.1, and GISTEMP v4 (NASA).> Each
dataset was re-referenced to its own baseline: 1850-1900 for HadCRUTS and NOAA,
and 1880-1900 for NASA, since the NASA record only begins in 1880.

Three simple types of curves - exponential, quadratic, and linear - were fitted to each
dataset using least squares.®

To test how stable the projected crossing dates are, the fitting process was repeated
while shortening the data. For a fixed span width (e.g., 96 years) and a chosen end
date (e.g., 2020), a curve was fit using data up to that end date, then refit using data
one month earlier, then two months earlier, and so on - each time recalculating the
predicted 1.5°C and 2°C crossing dates. This produces a set of crossing-date
estimates for that combination, and their standard deviation serves as a measure of
stability: a smaller spread means a more stable, more reliable projection.

This entire process was repeated for 21 different starting end dates, ranging from
2000 to 2020. Because earlier end dates leave more room to shorten the data before
running out, they generate more crossing-date estimates (up to 27, for the 2000 end
date) than later end dates (as few as 7, for 2020).

In total, spans ranging from 20 to 150 years were tested (20 to 120 years for NASA,
given its shorter record), across all three datasets and three curve types, for a total of
1,089 combinations. The complete set of fitted graphs for all combinations is
available at Reference 11. Each combination was ranked by the standard deviation of
its predicted 2°C crossing date, producing a ranked table for every one of the 21 end
dates. Reference 12 shows the top 10 rankings for each of these 21 dates.

Spans near 20 years never ranked among the most stable combinations and proved
of little practical use. They also sometimes produced curves that pointed downward
and never reached the temperature threshold at all. In those cases, the curve was
constrained to avoid negative curvature - effectively flattening it into a straight line -
so that a crossing date could still be calculated and plotted.

The Python code used to generate the results presented in this report is available at
Reference 13. Actual datasets containing observed temperatures read by this code to
generate these results can be downloaded from References 14, 15 and 16.



Observations

Tables 1 and 2 rank the top 30 combinations by the stability (lowest standard
deviation) of the projected 2°C crossing date, for end dates of 2000 and 2006
respectively. Every one of the top 30 entries in Table 1 uses an exponential fit with a
span longer than 115 years - no quadratic or linear fit makes the list. The 148-year
span is the only one that ranks in the top three for both end dates. Figure 1e overlays
all the exponential curves produced using a 148-year span as the fitting window is
repeatedly truncated back to 2000.

Two pieces of evidence point to the same conclusion: the complete absence of
quadratic and linear fits among spans over 115 years, and the tight clustering of the
overlaid exponential curves in Fig 1e. Together, they suggest that an exponential
curve better approximates the true shape of the observed warming trend than a
quadratic curve does, at least when the fit extends back to 1850. ’

HadCRUT5 (the Met Office dataset) produces the best exponential fits overall. It
accounts for the top 5 entries in Table 1, and 18 of the top 30.

As the data is truncated, the most stable crossing dates come from spans
approaching 150 years. When a span reaches far enough back to include the 1850-
1910 period (as in Fig 1b, using a 148-year span) rather than excluding it (as in Fig
2b, using a 96-year span), those early temperatures anchor the curve's shape,
keeping it nearly unchanged as the fitting window slides forward from 2026 back to
2000. This stability is visible in Fig 1e, where the curves stay tightly bunched
together. Since the HadCRUTS record starts in 1850, a 150-year span is the longest
possible when the end date is 2000.

A shorter, 96-year span excludes the 1850-1910 data, so the curve is less
constrained and can straighten out - this pushes the projected 2°C crossing later. But
that same lack of constraint lets the 96-year curve fit more closely to the extreme
temperatures of the 2020s.'° This effect dominates: the 96-year span actually
produces an earlier projected crossing, centered around 2035, compared to 2041 for
the 148-year span, for end dates extending back to 2006.

Conclusions

Exponential fits produce the most stable 2°C crossing-date estimates as the
observed record is progressively truncated back to the year 2000, and this holds true
across all fitting spans longer than 119 years. The best long-span fits, approaching
150 years, come from the HadCRUT5 dataset assembled by the Met Office. This
suggests that, over the period these long spans cover - extending back to before
1900 - an exponential function represents the trajectory of the HadCRUTS
temperature record more closely than either a quadratic or linear function.



Three conditions underlie the projections that follow: (a) the fitted curve accurately
represents the true underlying trend in observed global temperatures, (b) the
observed datasets faithfully reflect actual global temperatures, and (c) the physical
drivers of warming continue behaving as they have over the past two decades. Given
these conditions, the analysis projects a 2°C crossing around 2041 for spans of 148
years, and around 2035 for spans of 96 years.°

Temperatures observed before 1910 play a decisive role in producing the later, 2041
estimate for spans approaching 150 years. Which of the two estimates proves more
accurate will depend on which fitted curve better represents the actual temperature
trajectory between now and whichever crossing date occurs.

Data Availability

This study uses fixed historical snapshots of the HadCRUT5, NASA GISTEMP v4,
and NOAA GlobalTemp v6.1 datasets. Because these datasets are updated monthly
and older versions are replaced, the exact versions used in this analysis have been
archived on Zenodo to ensure long-term reproducibility.

« HadCRUTS analysis time series: ensemble means and uncertainties from
1850-01 to 2026-03 Met Office Hadley Centre. Open Government Licence v3.0.
DOI: 10.5281/zeno0d0.20588286

 NASA GISTEMP v4 — Global Mean Monthly Land-Ocean Temperature
Anomalies, 1880-01 to 2026-04 NASA Goddard Institute for Space Studies.
CCO Public Domain. DOI: 10.5281/zenodo.20679028

* NOAA Global Land-Ocean Surface Temperature Time Series 90S—90N
v6.1.0.202605, 1850-01 to 2026-05 NOAA National Centers for Environmental
Information. CCO Public Domain. DOI: 10.5281/zenodo.20682032

The Python code used to generate fitted curves, crossing-date calculations, and
figures is archived at:

» Python code for least-squares fitting_of global land-ocean temperature
anomalies DOI: 10.5281/zenodo.21201587

Supplementary tables and graphs generated by the code are also archived:

o Tables of crossing-date statistics DOI: 10.5281/zenodo.21130275
o Least-squares fitted global temperature anomaly graphs DOI:
10.5281/zen0do.2069964 1

These archived datasets and materials provide reproducibility of the results reported
in this manuscript, independent of future updates to the original temperature records.
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Table 1. Top 30 least squares fit statistics ranked by the standard deviation of the year
for crossing 2°C when the temperature record of a fixed number of years was
repeatedly truncated back by a year until the last year in the record was 2000.

Dataset Containing Type Of Equation | Number Of A Rounded Crossing Year Rounded Crossing Year
Observed Temperatures Used In Fit Years Fitted Mean Standard Deviation
Met Office HadCRUTS5 Infilled exponential 150 2041 1.0
Met Office HadCRUT5 Infilled exponential 149 2042 1.13
Met Office HadCRUT5 Infilled exponential 148 2042 1.31
Met Office HadCRUT5 Infilled exponential 147 2042 1.43
Met Office HadCRUTS5 Infilled exponential 146 2042 1.61
NASA GISTEMP v4 exponential 120 2043 1.75
Met Office HadCRUT5 Infilled exponential 145 2042 1.77
NASA GISTEMP v4 exponential 119 2043 1.83
Met Office HadCRUTS Infilled exponential 144 2042 1.84
Met Office HadCRUTS5 Infilled exponential 137 2043 1.85
Met Office HadCRUT5 Infilled exponential 143 2042 1.87
Met Office HadCRUT5 Infilled exponential 138 2043 1.88
NASA GISTEMP v4 exponential 118 2043 1.92
Met Office HadCRUT5 Infilled exponential 136 2043 1.93
Met Office HadCRUT5 Infilled exponential 139 2043 1.95
Met Office HadCRUT5 Infilled exponential 142 2042 1.96
Met Office HadCRUTS5 Infilled exponential 140 2042 2.02
Met Office HadCRUTS5 Infilled exponential 141 2042 2.04
Met Office HadCRUT5 Infilled exponential 135 2043 2.04
NOAA v6.1.0.202604 exponential 124 2046 2.1
NASA GISTEMP v4 exponential 117 2044 2.14
NOAA v6.1.0.202604 exponential 123 2046 214
Met Office HadCRUT5 Infilled exponential 134 2044 217
NOAA v6.1.0.202604 exponential 125 2045 2.21
NOAA v6.1.0.202604 exponential 122 2046 2.24
NOAA v6.1.0.202604 exponential 121 2046 2.27
NASA GISTEMP v4 exponential 116 2044 2.29
NOAA v6.1.0.202604 exponential 146 2040 2.29
NOAA v6.1.0.202604 exponential 147 2040 23

Met Office HadCRUT5 Infilled exponential 133 2044 2.33



Table 2. Top 30 least squares fit statistics ranked by the standard deviation of the year
for crossing 2°C when the temperature record of a fixed number of years was
repeatedly truncated back by a year until the last year in the record was 2006.

Dataset Containing Type Of Equation | Number Of A Rounded Crossing Year Rounded Crossing Year
Observed Temperatures Used In Fit Years Fitted Mean Standard Deviation
Met Office HadCRUTS5 Infilled exponential 147 2041 0.77
Met Office HadCRUT5 Infilled exponential 146 2041 0.81
Met Office HadCRUT5 Infilled exponential 148 2041 0.85
Met Office HadCRUT5 Infilled exponential 149 2041 0.94
Met Office HadCRUTS5 Infilled exponential 150 2041 0.97
Met Office HadCRUT5 Infilled exponential 145 2041 0.98
Met Office HadCRUT5 Infilled exponential 144 2042 1.16
Met Office HadCRUT5 Infilled exponential 96 2035 1.17
NASA GISTEMP v4 exponential 91 2037 1.18
NASA GISTEMP v4 exponential 92 2037 1.23
Met Office HadCRUT5 Infilled exponential 97 2035 1.25
Met Office HadCRUT5 Infilled exponential 95 2034 1.28
Met Office HadCRUTS5 Infilled exponential 143 2042 1.31
NOAA v6.1.0.202604 exponential 91 2038 1.36
NASA GISTEMP v4 exponential 90 2036 1.37
NOAA v6.1.0.202604 quadratic 76 2045 1.39
NASA GISTEMP v4 exponential 93 2037 1.42
Met Office HadCRUT5 Infilled quadratic 78 2040 1.43
NOAA v6.1.0.202604 exponential 90 2037 1.43
Met Office HadCRUT5 Infilled quadratic 79 2041 143
Met Office HadCRUTS5 Infilled exponential 142 2042 1.44
NOAA v6.1.0.202604 quadratic 77 2046 1.46
NASA GISTEMP v4 exponential 94 2038 1.47
NOAA v6.1.0.202604 quadratic 75 2045 1.49
NASA GISTEMP v4 exponential 89 2036 1.52
NASA GISTEMP v4 exponential 95 2038 1.53
Met Office HadCRUT5 Infilled exponential 94 2034 1.53
Met Office HadCRUT5 Infilled exponential 141 2042 1.54
Met Office HadCRUTS5 Infilled exponential 98 2036 1.55

NOAA v6.1.0.202604 exponential 92 2038 1.57
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Fig 2c. Met Office HadCRUTS5 Infilled Global Monthly Temperature Anomalies

For Land and Sea relative to the 1850-01 to 1900-12 mean
extrapolated to 1.5°C and 2°C using a least squares exponential fit

from 1910-04 to 2006-03 (96 years)



.
.

e ———————————r ——

0
“
*e

Proportion of variance R* = 0.843

0.033350
H
‘.
¢

Q. ’. .

00‘.

£ -
.0

A +Betly-7

1978.245 and

0.2732,C
L]
<
-
de
-
. N
X
. .4

year, y

0.1496, B

*

Temperature (°C)

where y

-04

1960 1980 2000 2020 2040

1940

1920

1.5 fmmmmmm e m e e

|

1.0 A
0.5
0.

-0.5

(Do) Ajlewoue ainjesadwsal

Year

Fig 2d. Met Office HadCRUTS5 Infilled Global Monthly Temperature Anomalies

For Land and Sea relative to the 1850-01 to 1900-12 mean
extrapolated to 1.5°C and 2°C using a least squares exponential fit

from 1930-04 to 2026-03 (96 years)
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Fig 2e. Met Office HadCRUTS Infilled fitted lines using an exponential
from the last 96 years corresponding to a last available date
of 2000-02 to 2026-03.
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