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M Check for updates

Including an exceptionally warm Northern Hemisphere summer'?, 2023 has been
reported as the hottest year on record®”. However, contextualizing recent
anthropogenic warming against past natural variability is challenging because the

sparse meteorological records from the nineteenth century tend to overestimate
temperatures®. Here we combine observed and reconstructed June-August surface air
temperatures to show that 2023 was the warmest Northern Hemisphere extra-tropical
summer over the past 2,000 years exceeding the 95% confidence range of natural
climate variability by more than 0.5 °C. Comparison of the 2023 June-August warming
against the coldest reconstructed summer in CE 536 shows a maximum range of
pre-Anthropocene-to-2023 temperatures of 3.93 °C. Although 2023 is consistent with
agreenhouse-gases-induced warming trend’ that is amplified by an unfolding EI Nifio
event®, this extreme emphasizes the urgency toimplement international agreements
for carbon emission reduction.

Observational datafrom around the world show that the 2023 summer
temperatures were extremely warm across the Northern Hemisphere
landmasses and that these conditions continued globally until the
end of the year (ref. 9). This conclusion came without surprise as sev-
eral regional heatwaves, exceeding any daily or weekly instrumental
measurements, were reported throughout the boreal summer 0f2023
(ref.10). These conditions were subsequently propagated by a develop-
ing EINifo event distributing warm surface waters across the equatorial
Pacific" superimposed on rising greenhouse gas concentrationsin the
atmosphere of Earth'2.

2023 inthe observational record

By using the Berkeley Earth aggregated measurements from thousands
of meteorological stations (Methods and Extended Data Figs.1and 2),
we show that the 2023 June-August (JJA) temperatures over the
30-90° N landmass were 2.07 °C warmer than the early instrumental
mean between 1850 and 1900 (Table 1). This finding demonstrates
not only that 2023 saw the warmest-ever recorded summer across
the Northern Hemisphere extra-tropics but also that the 2015 Paris
Agreement® to constrain warming globally to 1.5 °C has already been
superseded at this limited spatial scale.

Calculations of these temperature ranges are, however, chal-
lenged by inconsistencies in the available meteorological network™
and higher uncertainties of early instrumental measurements®.
A large-scale comparison of station and proxy data recently showed
that the nineteenth-century temperature baseline used to con-
textualize global warming was several tenths of a degree Celsius
colder than the expected value®. This bias arises from a lack of sta-
tion records in remote regions and direct insolation effects on inad-
equately sheltered thermometers'®V. These offsets fundamentally
question the calculation of temperature ranges considered in the

2015 Paris Agreement using observational data back to as early as
1850 (ref.18).

To mitigate these uncertainties in the early instrumental network,
we focused our estimate on the 30-90° N latitudinal band, in which
most of the long-term meteorological stations are located”. However,
even at this restricted spatiotemporal scale, the number of station
records incorporated in the global datasets** 2 falls from thousands
during the twenty-first century to only 58 for 1850-1900, of which 45
arein Europe. We, therefore, combined the 30-90° N observational
measurements with a community ensemble of annually resolved
and absolutely dated reconstructions of Northern Hemisphere
extra-tropical summer temperatures®and considered the large uncer-
tainties of proxy-based temperature estimates to provide a robust
Common Era context for 2023 (refs. 24-28) (Methods and Extended
Data Figs. 4-6).

2023 warming in Common Era context

Comparison of the community ensemble reconstruction and obser-
vational Northern Hemisphere 30-90° NJJA temperatures shows an
offset of 0.24 °C from 1850 to 1900 supporting the conclusion of a
systematic warmbiasin early instrumental observations®* (Methods
and Extended Data Fig. 3). This offset is here considered by showing
the observed and reconstructed summer temperatures with respect to
the1850-1900 reconstruction mean (Fig.1). The combined time series
show that the summer 0f2023 exceeded the long-term pre-instrumental
mean from1to1890by 2.20 °C. The shift from2.07 °Cbased on adjusted
observational data, to 2.20 °C when referring to the pre-1850 period
arises fromthe extended cold periods of the CommonEra, such as the
Late Antique Little Ice Age in the mid-sixth century?® and the climax
of the Little Ice Age in the early nineteenth century°. Most of these
cold phases, as well as the coldest individual summers (highlightedin
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Table 1| Record temperatures

Year JJA temperature 95%range
Observations 2023 2.07°C
Warmest 2016 1.93°C
1998 1.49°C
Pre-instrumental 246 0.88°C -0.03t01.50°C
Warmest 282 0.72°C -0.14t01.56°C
1061 0.72°C -0.10t01.53°C
986 0.70°C -0.15t01.28°C
Coldest 1642 -1.24°C -0.15t0-1.84°C
1601 -1.37°C -0.75t0-2.16°C
627 -1.47°C -0.32t0-3.37°C
536 -1.86°C -0.31t0-3.08°C

Warmest observed, and coldest and warmest reconstructed JJA land temperatures all
expressed as anomalies from the reconstructed 1850-1900 mean. The instrumental values
have been adjusted considering the 1850-1900 offset between (colder) reconstructed and
(warmer) observed temperatures (Methods and Extended Data Fig. 3). The 95% uncertainty
range is derived from the spread among the 15 reconstruction ensemble members?. The
difference between the warmest pre-instrumental year (CE 246) and 2023 is 119°C and
between the coldest pre-instrumental year (CE 536) and 2023 is 3.93°C.

Fig.1b), followed large, sulfur-rich volcanic eruptions, the stratospheric
aerosol veils of which triggered rapid surface cooling®*.

We list the pre-instrumental cold and warm extremes in Table 1 as
theyrepresent the full spectrum of naturally forced climate variability
during the Common Era period. The 95% uncertainty range reflects
the differences between the 15 reconstruction ensemble members
driven by varying methodological choices of the involved research
teams and fading proxy network replicationback in time?. If we relate
2023 tothe coldest reconstructed summer in CE 536 (-1.86 °C), which
was influenced by a large volcanic eruption®, the maximum range
of pre-Anthropocene-to-2023 temperatures is 3.93 °C. The range
between the warmest naturally forced summer of CE 246 (0.88 °C),
which occurred during the Late Roman Warm Period® and in 2023
(2.07 °C) during the Anthropocene is 1.19 °C. Even when considering
the relatively large uncertainty of —0.03 °C to 1.50 °C for CE 246, the
summer of 2023 exceeded this range of natural climate variability

by a minimum of more than 0.5 °C. This approximation provides an
estimate of the greenhouse gas contribution to a single extreme year
and could be considered conservative asitis derived from the highest
pre-instrumental summer temperature of the past 2,000 years.

Forcing of recent temperature extremes

Large-scale temperature anomalies can be amplified by extreme states
of the EINifio Southern Oscillation®*. This is shown by comparing the
30-90° N JJA temperatures with Nino3.4 sea surface temperatures®
over the past 60 years, which shows that the most notable warming
steps are associated with strong El Nifio events (Fig. 2). The extreme
2023 summer heat exceeded the previous El-Nifio-affected summer
0f2016 by 0.23 °C. However, the monthly Nino3.4 index suggests that
the ongoing event has yet to unfold. The current El Nifio is forecasted
to extend into early summer of 2024 (ref. 36). Furthermore, previous
anomalies (highlightedinredin Fig.2a) show a delay between extreme
EINifio Southern Oscillation conditions and large-scale temperature
deviations¥, suggesting that 2024 will see temperature records broken
again.

The step change in El-Nifio-affected Northern Hemisphere summer
temperatures highlightedin Fig. 2aincludes someinconsistencies wor-
thy of discussion. First, the persistent EI Nifio conditions culminating
in 1992 did not stimulate record warmth as the event coincided with
the eruption of Mount Pinatubo in June 1991 (ref. 38), which released
substantial amounts of sulfur into the stratosphere and scattered sun-
light and caused summer cooling in the subsequent years®., Smaller
but still significant eruptions occurred in 1963 (Mount Agung) and
1982 (El Chicho6n)*®*, Second, the temperatures recorded in1998, and
affected by an extreme EINifio event, were subsequently not exceeded
in2003, thereby contributing to what has been described as the tem-
perature hiatus*?, adecade during which global temperatures did not
increase beyond the level of the late twentieth century*. The hiatus
endedin 2010 when aslightly stronger EI Nifio thanin 2003 occurred
and, along with the underlying trend in greenhouse gas concentra-
tions, resulted in average 30-90° NJJAtemperatures exceeding those
of summer of 1998 by 0.36 °C. Third, the lack of warming until the
mid-1980s was probably affected by global dimming**, a phenom-
enonreferring tochangesinatmospheric transmission and cloudiness
because of increased releases of aerosols during post-war economic
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Fig.1/2023inthe context of the past2,000 years. a, Instrumental JJAland
temperatures (red; Berkeley Earth)?° shown together with the ensemble
reconstruction mean (yellow) and 95% uncertainty range derived from the
variance among ensemble members (grey)*. Ensemble reconstructions were

scaled from1901to 2010 against observations and expressed as anomalies with
respect to the 1850-1900 mean (Methods). b, Frequency distributions of the
observed andreconstructed temperature anomalies (0 °C =1850-1900 mean)
with exceptionally cold and warm summers highlighted.
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Fig.2|Forcing of modern-day temperatures. a, Instrumental Northern
Hemisphere summer temperatures (CRUTEM5)* with years affected by strong
EINifio conditions highlighted inred and years affected by the Mount Pinatubo
eruptioningrey. The grey arrow indicates the period of global dimming ending
inthe mid-1980s (ref. 44), and the dashed arrows indicate temperature steps

expansion. This negative radiative forcing faded in the 19980s when
effective measures for sulfur scrubbing were established in Europe
and North America®.

Although the variance of Northern Hemisphere land tempera-
tures is systematically larger than that of global land and sea sur-
face temperatures (Extended Data Fig. 2), the sub-hemispheric
pre-Anthropocene-to-2023 warming reported here cannot be trans-
ferred to global scales. Thisis because spatially varying warming rates
among high compared with low latitudes and land compared with
sea surfaces challenge simple linear extrapolations, and multiproxy
reconstructions of global temperatures*® are constrained by the inte-
gration of lower-resolution archives and seasonal signals*. However,
the pre-Anthropocene-to-2023 estimate of 2.20 °C established here
for Northern Hemisphere extra-tropical summers demonstrates the
unparalleled nature of present-day warmth at large spatial scales and
reinforces calls forimmediate action towards net zero emissions.
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Methods

Observed temperatures

Gridded (1° x 1°) monthly temperatures from Berkeley Earth*® were
used to aggregate JJA meantemperatures over the30-90°N land areas
(https://doi.org/10.17605/0SF.I0/MDUVK). These data are highly sim-
ilar to other products?? (Extended Data Fig. 1) and may represent
the Northern Hemisphere extra-tropical land areas with reasonable
instrumental station coverage back to 1850 (ref. 19). The data were
expressed as residuals from the 1850-1900 mean to estimate tempera-
ture deviations from these early instrumental conditions. The variance
ofthe30-90° Nland-only observational record is substantially larger
compared with the 90° S-90° N land and sea surface temperatures*®
referred to in the 2015 Paris Agreement (Extended Data Fig. 2).

Reconstructed temperatures and adjustment

The observed temperatures were extended back over the past
2,000 years using the community ensemble reconstructions for
the Northern Hemisphere extra-tropics integrating the nine longest
temperature-sensitive tree-ring chronologies currently available? (data
accessed using the KNMI Climate Explorer at https://climexp.knmi.nl/
start.cgi). The15 ensemble members and the mean were scaled*’ against
the Berkeley Earth30-90° NJJA observational record from1901to 2010
to estimate pre-instrumental temperature variability back to CE1. The
variance among the ensemble members was used to approximate 95%
confidence limits, and the annually resolved temperature deviations
and uncertainties from the 1850-1900 mean were considered for com-
parison with observational data. The 1850-1900 offset between the
reconstructed and observed]JJA temperatures (0.24 °C; Extended Data
Fig.3) wasincludedinthe 2023 temperature estimates to acknowledge
the warm bias in early instrumental temperatures® (Table 1).

EINifio Southern Oscillation and surface radiation variability
Variability of the EINifio Southern Oscillation was approximated using
the central Pacific Nino3.4 sea surface temperatures® expressed as
anomalies with respect to the 1891-1920 mean. This index of EI Nifio
Southern Oscillation variability was compared over the most recent
60 years from 1964 to 2023 with the Northern Hemisphere extra-
tropical]JJA temperature record. In doing so, we highlighted Nino3.4 sea
surfacetemperatures exceeding +2 °C toindicate strong EINifio condi-
tions (except for the early1965-1966 EINifio reaching only +1.95 °C) that
probably affected global temperature deviations. The period before
the mid-1980s was characterized by areductionin surface solar radia-
tionrecorded at long-term observatory stations across the Northern
Hemisphere designated*®* global dimming*.

Extended Data

We used Berkeley Earth gridded JJA land temperatures from 30° N to
90° N asthese data extend back to 1850 (ref. 20) and, therefore, support
assessments with respect to the 1850-1900 pre-instrumental levels
referred to in the 2015 Paris Agreement. The data are compared with
other gridded products (CRUTEMS and GISTEMP)**? over their com-
mon period from1883to 2023 to illustrate their covariance (Extended
DataFig.1). Berkeley 30°-90° NJJA temperatures are further compared
with global annual mean land temperatures and sea surface tempera-
tures* from 1850 to 2023 to emphasize variance and trend differences
(Extended Data Fig. 2). The 1850-2023 standard deviations of these
timeseries differ by 0.08 °C, from 0.40 °C for the global to 0.48 °C for
the sub-hemispheric temperatures.

The ensemble mean reconstruction used here to estimate the
pre-Anthropocene-to-2023 range correlates at r = 0.76 with Berke-
ley Earth 30°-90° N land-only summer temperatures back to 1850
(Extended DataFig.3). The reconstructionis further calibrated against

high-resolution GISTEMP4 land-only and land and marine tempera-
tures? to show the covariance patterns across the globe (Extended
DataFig.4). Notethatthe degrees of freedom of such calculations are
constrained by the high autocorrelations inherent to the proxy and
observational data. Detailed calibration and verification statistics of
the 15 community ensemble members and the mean against various
gridded temperature products are previously reported®.

Comparison of the ensemble mean reconstruction and target of the
Northern Hemisphere extra-tropical summer temperatures shows a
nineteenth-century offset of 0.24 °C between early instrumental and
proxy data (horizontal linesin Extended DataFig. 3). This observation is
inline with the spatial assessments of the Northern Hemisphere obser-
vational data® reporting a warm bias in the sparse early instrumental
network affecting the 1850-1900 baseline temperatures used in the
2015 Paris Agreement. The bias is acknowledged here by showing the
proxy and observational data with respect to the 1850-1900 recon-
struction mean and adding 0.24 °C to the pre-Anthropocene-t0-2023
temperature estimates (Methods).

The ensemble mean reconstruction® fits other reconstructions of
the Northern Hemisphere extra-tropical warmseason temperatures®
(Extended Data Fig. 5). As the other reconstructions do not cover the
entire Common Era, and thereby missimportant deviations during the
Late Antique Little Ice Age?” and Roman Warm Period®, we considered
the community ensemble reconstruction tobenchmark the 2023 sum-
mer warmth. The ensemble mean correlates at 0.60 with the five other
reconstructions and the average correlation amongall records is 0.59
from CE 750 to 2010. The variability of reconstructed temperatures
differs among the reconstructions as is shown in the extreme years
identified in the ensemble meanreconstructionlabelledin Fig.1band
listed in Table 1 (Extended Data Fig. 6).

Data availability

The observational data, reconstruction and uncertainty estimates
are available at https://doi.org/10.17605/0SF.I0/MDUVK.

Code availability

None of the statistical tests applied were performed with environment-
specific code.
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Extended DataFig.1|Instrumental temperature records.a, Comparison of
30-90°NJJAland only temperatures from Berkeley Earth extending back to
1850 CE (red)*®, CRUTEMS back to 1878 CE (blue)* and GISTEMP4 back to 1883
CE (grey)*. b, Frequency distributions of the three observational records. All

datashownasanomalies with respect to1883-1912 CE means.
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Extended DataFig.2|Observational temperatures averaged over different
spatiotemporal domains. a, Northern HemisphereJJAland only temperatures
(red) shown together with global annual land and sea surface temperatures
from1850-2023 CE (black)®. Thelatter represents acombination of Berkeley
Earthland and HadSST3 sea surface temperatures®?. b, Frequency distributions.
Datashownasanomalies with respect to their1850-1900 CE means.
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Extended DataFig. 3 | Early instrumental temperature offset. Comparison
of Berkeley Earth 30-90°NJJA land only observational temperatures®® with
ensemble meanreconstructedJJA temperatures®since 1850 CE. Bold
horizontal lines emphasize the1850-1900 CE offset of 0.24 °C between the
tworecords. Thereconstruction was scaled against the observations from
1901-2010 CE and both timeseries then displayed as anomalies with respect to
the1850-1900 CE reconstruction mean.
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Extended DataFig.4 | Ensemble reconstruction climate signals. Field correlations of the ensemble mean?* against GISTEMP4 JJAland (a,b) and land and sea
surface temperatures (c, d) from 1850-2010 CE. Maps produced using the KNMI Climate Explorer at https://climexp.knmi.nl/start.cgi.
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together with other NH extra-tropical summer temperature reconstructions JJAland temperatures (red) and shown as anomalies from 1850-1900 CE.
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Extended DataFig. 6 | Reconstructed temperature extremes. Comparison reconstruction (see Table 1) with estimates from other NH extra-tropical
oftemperature anomalies in the four warmest (246,282,1061, 986 CE) and four reconstructions. “x” indicates if values are missing due to limited
coldest summers (535, 627,1601,1642 CE) identified in ensemble mean reconstruction lengths.
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