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Early onset of industrial-era warming
across the oceans and continents

Nerilie J. Abram1,2, Helen V. McGregor3, Jessica E. Tierney4,5, Michael N. Evans6, Nicholas P. McKay7, Darrell S. Kaufman7 &
the PAGES 2k Consortium*

The evolution of industrial-era warming across the continents and oceans provides a context for future climate change
and is important for determining climate sensitivity and the processes that control regional warming. Here we use postad 1500 palaeoclimate records to show that sustained industrial-era warming of the tropical oceans first developed during
the mid-nineteenth century and was nearly synchronous with Northern Hemisphere continental warming. The early
onset of sustained, significant warming in palaeoclimate records and model simulations suggests that greenhouse forcing
of industrial-era warming commenced as early as the mid-nineteenth century and included an enhanced equatorial
ocean response mechanism. The development of Southern Hemisphere warming is delayed in reconstructions, but this
apparent delay is not reproduced in climate simulations. Our findings imply that instrumental records are too short
to comprehensively assess anthropogenic climate change and that, in some regions, about 180 years of industrial-era
warming has already caused surface temperatures to emerge above pre-industrial values, even when taking natural
variability into account.
Palaeoclimate data from the past two millennia—a period for which
natural and anthropogenic climate forcings are reasonably well
constrained—provide perspectives on global temperature changes during
the twentieth century. Climate reconstructions of the past 2,000 years
have focused mainly on the Northern Hemisphere1–3, using records
derived primarily from terrestrial settings. Recent continental-scale
temperature reconstructions provide evidence for twentieth century
warming over all reconstruction regions except Antarctica4. A new
Southern Hemisphere temperature reconstruction also demonstrates
that the twentieth century is the only period of the last millennium
during which warm extremes occurred simultaneously across both
hemispheres5. However, these hemispheric and regional temperature
histories do not allow for assessments of how past temperature changes
evolved between the oceans and land.
The oceans represent a major heat reservoir, taking up more than
90% of the total global energy imbalance since the 1950s6. Internal
variability of ocean circulation mediates the global climate and, for
example, is implicated in the slowdown of global atmospheric warming
during the ‘hiatus’ interval7 (ad 2001–2014) because of the drawdown
of additional heat into the subsurface ocean7,8. The existence of the
recent warming slowdown is debated9; however, earlier decade-scale
plateaus in the rate of warming are prominent features of the climate
record10. Given the importance of the oceans in determining the pace
and regional structure of changes in climate11, it is essential to understand how anthropogenic warming developed in the oceans and over
land during the industrial era.
Determining an unambiguous time for the start of the industrial era
is difficult, and forms part of the debate over a formal definition of the
Anthropocene12,13. The Intergovernmental Panel on Climate Change
(IPCC) uses ‘industrial era’ to refer, somewhat arbitrarily, to the time
after ad 1750, when industrial growth began in Britain, spread to other

countries and led to a strong increase in fossil fuel use and greenhouse
gas emissions. Here, we use the term ‘industrial-era warming’ to refer
to the sustained, significant (P < 0.1) warming of Earth’s climate that
developed during the industrial era. We use the palaeoclimate history
since ad 1500 as a context for assessing the evolution of industrial-era
warming across surface-ocean and land areas. Our assessments use
newly developed regional sea-surface temperature (SST) reconstructions for the tropical oceans14 and SST-sensitive records for the global
oceans14,15, along with continental-scale temperature reconstructions and databases4,16 (Fig. 1, Methods). We compare the onset of
industrial-era warming in these palaeoclimate datasets to transient multimodel climate simulations driven by full natural and anthropogenic
forcings17. We also use experiments with single18–20 and cumulative21
external climate forcings to investigate the factors that define the onset
of industrial-era warming.

Regional features of industrial-era warming

Synthesis of marine palaeoclimate records spanning the past 2,000
years has identified a robust global surface-ocean cooling trend that
reached coolest conditions during the period ad 1400–180015. This
finding is qualitatively consistent with pre-industrial cooling trends in
terrestrial records and can be explained by an increased frequency of
explosive volcanism during the past millennium15,22. Marine records
with moderate-to-high (<25 yr) temporal resolution indicate that,
in many regions, this long-term SST cooling trend reversed during
the industrial era14,15, including in the tropical oceans where robust
regional SST reconstructions spanning the past four centuries have
been developed using coral archives14. Industrial-era warming in the
area-weighted average of regional tropical SST reconstructions is visually similar to warming of the global area-weighted mean of terrestrial
temperature reconstructions4 (Fig. 1c, d). In particular, the average
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Figure 1 | Terrestrial and marine palaeoclimate reconstructions. a, b,
Instrumental temperature trends over the period ad 1961–2010 for surface
air temperature (SAT; a) and sea surface temperature (SST; b). The black
boxes indicate the PAGES 2k continental-scale reconstruction regions4
(a) and the PAGES Ocean2k high-resolution (annual) reconstruction
regions14 (b). The symbols in b indicate the locations of highly resolved14
(blue circles; Extended Data Table 1) and moderately resolved15 (<25 yr,
purple squares; crossed squares indicate ocean upwelling sites; Extended
Data Fig. 7) marine palaeo-SST proxy records. c, d, 25-year moving
averages of the area-weighted mean terrestrial temperature anomaly
(brown line)4,16 and the 25%–75% range across continental-scale
reconstructions (shading) (c) and area-weighted mean tropical SST
anomaly (blue line) and minimum–maximum range across the Indian,
western Pacific and western Atlantic reconstructions14 (shading) (d).
Anomalies are relative to the ad 1961–1990 mean (dashed lines).

terrestrial and tropical ocean temperature histories show industrial-era
warming developing after ad 1800, with similar multi-decadal expressions of accelerated and reduced warming phases.
The similarity of average terrestrial and marine temperature histories (Fig. 1c, d) masks important regional differences in industrial-era
warming (Fig. 2, Extended Data Fig. 1). To examine these regional
features, we first assess when sustained, significant warming began
in the regional temperature reconstructions. We define a sustained,
significant trend as the most recent trend that persists until the end of
the reconstruction and that is significantly different from zero above
the 90% confidence level (P < 0.1). We determine the median time of
onset of these sustained trends across different levels of smoothing
(15–50 y) applied to the regional reconstructions (Methods, Extended

Data Fig. 2a)23,24. The strengths and limitations of this and other
change-point detection methods in assessing the onset of industrial-era
warming are explored using synthetic time series (Methods, Extended
Data Fig. 3). Model-based testing suggests that estimates for warming onset are insensitive to the seasonal preference that exists in some
regional reconstructions4 (Methods, Extended Data Fig. 4).
Sustained, significant warming began in the tropical oceans around
the 1830s, with no discernible difference in onset across the three
tropical SST reconstruction regions (Fig. 2a, Table 1, Extended Data
Fig. 1a, b). The onset of tropical-ocean warming is similar to the
median onset of warming in Northern Hemisphere mean temperature3
(Extended Data Fig. 1a), although the Northern Hemisphere ensemble
also includes a sub-member where recent warming is not sustained to
the end of the reconstruction (Supplementary Fig. 1). This exception
is due to strong multi-decadal variability, which is common to each of
the Northern Hemisphere mid-latitude continental regions and can
delay the detection of sustained warming trends at narrow filter widths
(Extended Data Fig. 5). Nevertheless, each of the Northern Hemisphere
regional-scale reconstructions also displays mid-nineteenth-century
onsets for industrial-era warming (Fig. 2a, Table 1, Extended Data
Fig. 1a, b).
In contrast to the mid-nineteenth-century onset of warming in
the tropical oceans and the Northern Hemisphere, the Southern
Hemisphere onset of industrial-era warming appears delayed (Fig. 2a,
Table 1). In hemispheric-scale reconstructions3,5, the median estimate
for the onset of sustained warming is approximately 50 years later in the
Southern Hemisphere than the Northern Hemisphere (Extended Data
Fig. 1a, Supplementary Fig. 1). The regional structure of this apparent Southern Hemisphere lag involves sustained, significant warming
developing over Australasia and South America around the start of
the twentieth century, while significant continent-scale warming is not
detected for Antarctica (Table 1, Extended Data Fig. 1a). The Antarctic
reconstruction has the greatest uncertainty of the regional reconstructions4 (Methods), and significant warming has been documented over
the Antarctic Peninsula and West Antarctica since the mid-twentieth
century23,25. However, the absence of significant Antarctic warming at
the continent scale is corroborated by post-1979 satellite observations
averaged across Antarctica26.
Industrial-era warming across the oceans and continents is further
investigated by examining the rates of regional warming. All centuryscale linear trends in the regional reconstructions since ad 1500 are
calculated (100-yr trends with 1-yr time step; Supplementary Video 1)
and the distributions of trends beginning since ad 1800 are used to
assess the regional rates of industrial-era warming. For each tropical
ocean and Northern Hemisphere regional reconstruction, the distribution of century-scale trends starting after ad 1800 has a clear positive shift compared to earlier trends (Fig. 2b, Table 1, Extended Data
Fig. 1c) and includes the largest century-scale warming trend of the
past 500 years. Temperature trends in the Arctic since ad 1800 are
greater than in any other region, indicative of Arctic amplification27.
The similarity of post-ad 1800 trends for the tropical Indian and
western Atlantic oceans with those in Europe, Asia and North America
(Table 1), indicates that industrial-era warming of the tropical oceans
has progressed at a rate similar to warming of the Northern Hemisphere
mid-latitude continents. By contrast, rates of century-scale warming
since ad 1800 in the Southern Hemisphere regional reconstructions
are slower than for the tropical oceans and Northern Hemisphere continents (Fig. 2b, Table 1). This difference may be related to the delayed
onset of warming in the Australasia and South America reconstructions, but is also consistent with instrumental evidence for hemispheric
asymmetries in the rate of twentieth-century warming (Fig. 1a, b). For
Antarctica, the absence of continent-scale warming during the industrial era results in pre- and post-ad 1800 trend distributions that are
statistically indistinguishable (Extended Data Fig. 1c).
The time when a climate-change signal exceeds the range of climate
variability is known as the ‘time of emergence’28. The time of emergence
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Figure 2 | Onset and magnitude of industrial-era warming in regional
temperature reconstructions. a, Regional reconstructions4,14 since
ad 1500 (coloured lines) with 15-yr (thin black lines) and 50-yr (thick
black lines) Gaussian smoothing, shown alongside the median time of
onset for sustained, significant industrial-era warming assessed across
15–50-yr filter widths (vertical black bars) (Methods, Extended Data
Fig. 2a). Grey 1 °C scale bar denotes the y-axis scale of each regional
temperature reconstruction. b, Histograms of century-scale regional
trends, comparing those beginning during the period ad 1500–1799
(grey bars) with those beginning since ad 1800 (coloured bars). The heights

of the bars are normalized by the maximum occurrence across each region
to aid visual representation. See Supplementary Video 1 for temporal
evolution of century-scale trends. c, Regional reconstructions (coloured
lines) with 15-yr (thin black lines) and 50-yr (thick black lines) filters,
shown alongside the ±2σ range (shaded boxes) of interannual variability
over the ad 1622–1799 reference period (+2σ level continued by dashed
lines). The median time of climate emergence (vertical black bars) is
defined as the time at which the climate signal (15–50-yr width filters of
the regional reconstructions) first exceeds and remains above the +2σ
threshold of the reference period (Methods).

for industrial-era warming depends on (i) when warming began, (ii)
the rate of warming and (iii) the magnitude of interannual to multidecadal climate variability. Time-of-emergence studies typically use twentieth century instrumental data or post-1850 (historical) simulations to
characterize the baseline climate, and have commonly concluded that
unprecedented climates will emerge first in tropical air temperatures
because of the small magnitude of interannual temperature variability in
these regions28–30. However, our findings of a mid-nineteenth-century
onset of industrial-era warming suggest that, in some regions, the entire
instrumental period contains a signature of climate warming, rendering
it unsuitable for determining climate emergence. We use the multicentury context available from the regional palaeoclimate reconstructions, and a pre-ad 1800 reference period (Methods), to assess the
extent to which industrial-era warming may have already emerged in
regional climates.
Industrial-era warming led to the emergence of regional climate
change first in the Arctic (Fig. 2c, Table 1). Despite the large variability
of Arctic climate, the palaeoclimate time-of-emergence assessment
indicates that the early onset and rapid rate of warming resulted in
the emergence of climate change during the 1930s (approximately
100 years after sustained, significant warming began). The tropical
ocean regions display a similar rate of warming to that of the Northern
Hemisphere mid-latitude continents, but the industrial-era warming
signal emerges sooner in the tropical oceans (time of emergence at
around ad 1948–1962) because of the smaller magnitude of variability there. Emergence of industrial-era warming for Australasia is
around ad 1960, because the delayed onset of warming is compensated by the small magnitude of interannual variability in this regional
reconstruction. All other regions apart from Antarctica are nearing

the emergence of warming above the threshold of pre-industrial
climate variability by the start of the twenty-first century (the end of
the reconstructions).
Our regional palaeoclimate assessments suggest that widespread
climate warming observed during the twentieth century forms part
of a sustained trend that began in the tropical oceans and over some
Northern Hemisphere land areas around the 1830s (about 180 years
ago). Although caveats exist relating to the accuracy with which
regional palaeoclimate reconstructions represent past temperature
changes4,14–16, our multi-century assessments clearly demonstrate the
need to incorporate pre-twentieth-century information in comprehensive assessments of industrial-era warming. The early onset of industrialera warming may not alter the conclusions of time-of-emergence studies
focused on protecting infrastructure built during recent decades31;
however, our findings imply that time-of-emergence studies that rely on
a twentieth-century baseline may underestimate how soon the effects of
climate change will fall outside the range of climate variability to which
natural systems are adapted30.

Climate forcing of industrial-era warming

Model simulations provide an important tool for investigating
which forcings are most consistent with the reconstructed onset of
industrial-era warming. We examine the regional responses of global
climate model simulations to natural and anthropogenic forcings since
ad 1500, applying the same trend-detection methodology used for the
palaeoclimate reconstructions (Methods). An ensemble of ten d
 ifferent
models reproduces the near-synchronous mid-nineteenth-century
onset of sustained, significant warming observed for reconstructed
Northern Hemisphere surface air temperature and tropical SST
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Figure 3 | Data–model comparison of the onset of industrial-era
warming. a–d, Median onset of sustained, significant warming in regional
reconstructions (vertical grey bars; as in Fig. 2a, vertical black bars)
compared to various ensemble results. a, Median (vertical blue bars),
25%–75% range (boxes) and 5%–95% range (horizontal lines) of the
corresponding regional median warming onsets across ten multi-model lastmillennium climate simulations with full radiative forcings (Supplementary
Fig. 1). b, Median timing (open symbols) of warming onset across threemember ensembles for single radiative forcing experiments (green circles,
orange diamonds and red triangles) and a ten-member ensemble with full
radiative forcings (blue squares) using the LOVECLIM model18. c, Median

timing (open symbols) of warming onset for three-member ensembles of
CSIRO Mk3L simulations using cumulative radiative forcing experiments21.
d, Median (green vertical bars), 25%–75% range (boxes) and 5%–95%
range (horizontal lines) of regional median warming onsets for 13 ensemble
members across four different climate models forced with only greenhouse
gas changes18–21. Lower panel in a shows the corresponding full radiative
forcing (from orbital, greenhouse gas, solar and volcanic sources)17.
Lower panel in d shows the corresponding equivalent atmospheric CO2
concentration relative to the mean (dashed line) and ±1.5 interquartile
range (grey shading; outlier test) of an ad 0–1500 baseline interval.
See Extended Data Table 2 for model details.

(Fig. 3a, Table 1). Palaeoclimate data–model agreement is particularly
good for Northern Hemisphere terrestrial regions, where the patterns
of short-term cooling caused by volcanic eruptions and sustained
recent warming from greenhouse gas emissions are remarkably
similar (Extended Data Fig. 2). The agreement between the multimodel ensemble and palaeoclimate reconstructions suggests
that the onset of industrial-era warming over Northern Hemisphere
landmasses and in the tropical oceans is consistent with a forced
climate response.
By contrast, none of the climate models show evidence for a delayed
Southern Hemisphere onset of industrial-era warming (Fig. 3a). A
ten-member ensemble of LOVECLIM simulations also suggests that
the delayed development of warming over Antarctica and Australasia
is not explicable within the range of unforced climate variability in
that model (Fig. 3b). Instead, the evolution of regional temperature
trends in the multi-model ensemble mean (Extended Data Fig. 2b)
and within individual models (Supplementary Fig. 2) shows a globally synchronous thermodynamic response of surface temperatures to
external climate forcings. Previous palaeoclimate studies have noted
that climate models tend to overemphasize Northern Hemisphere–
Southern Hemisphere synchronicity of past temperature changes5,32,
perhaps by overestimating externally forced climate responses in
the Southern Hemisphere and/or underestimating the magnitude
of Southern Hemisphere climate variability32. Unresolved or inaccurate physical processes in model representations of the Southern

Hemisphere ocean–atmosphere–cryosphere systems also hinder the
accurate simulation of Southern Hemisphere climate26,33 including
the overestimation of simulated Antarctic region warming compared with satellite observations of recent surface air and ocean
temperature trends26. The paucity of climate observations also
hinders attempts to resolve differences between observations and
simulations in the Southern Hemisphere26,32. As a result, currently
available model output cannot reasonably be used to assess the
delayed onset of Southern Hemisphere industrial-era warming that is
suggested by palaeoclimate observations.
Naturally forced climate cooling may have helped to set the stage for
the widespread onset of industrial-era warming in the tropical oceans
and over Northern Hemisphere landmasses during the mid-nineteenth
century. Episodic cooling caused by the large 1815 Tambora volcanic
eruption is prominent in Northern Hemisphere terrestrial temperature
reconstructions (Fig. 2a). In last-millennium model simulations, the
strong cooling caused by the Tambora eruption is followed immediately
by a decade-scale interval of accelerated global warming as the climate recovers34. The Dalton solar minimum also occurred in the early
nineteenth century, but solar forcing is thought to have only a small
influence on last-millennium climate compared to the effects of volcanic eruptions20. In the CSIRO Mk3L experiments, in which forcings
were applied cumulatively rather than individually, it is particularly the
addition of volcanic forcing that tends to focus the onset of industrialera warming into a narrower time window—both between regions and
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Table 1 | Onset, rate and emergence of industrial-era warming in reconstructions and simulations
Year of onset of sustained, significant
warming trends

Century-scale trend distribution
(°C per century)

Year of emergence

Reconstructions

Reconstructions

Reconstructions

Simulations

ad 1500–1799

Since ad 1800

Arctic
Europe
Asia
North America

1831
1852
1849
1847

1843 (1819–1880)
1888 (1840–1987)
1833 (1807–1999)
1859 (1823–1900)

−0.11 (−0.41–0.07)
0.02 (−0.39–0.33)
0.00 (−0.18–0.10)
0.01 (−0.38–0.15)

1.07 (0.92–1.26)
0.46 (0.29–0.58)
0.48 (0.35–0.54)
0.48 (0.29–0.52)

1930
1994‡
1987‡

Western Atlantic Ocean
Western Pacific Ocean
Indian Ocean

1828
1834
1827

1836 (1811–1879)
1830 (1818–1836)
1830 (1814–1838)

−0.11 (−0.21–0.01)
−0.09 (−0.13–0.02)
−0.14 (−0.31–−0.04)

0.41 (0.27–0.51)
0.27 (0.19–0.35)
0.51 (0.39–0.54)

1948
1962
1962

Australasia
South America
Antarctica

1904*
1896

1832 (1808–1833)
1840 (1802–1880)
1839 (1819–1851)

0.00 (−0.04–0.05)
−0.02 (−0.11–0.21)
−0.05 (−0.15–0.09)

0.07 (0.02–0.23)
0.20 (−0.02–0.38)
−0.06 (−0.14–0.07)

1959

†

§

§
§

Statistics represent changes in surface air temperature (SAT) for continental reconstruction regions and sea surface temperature (SST) for tropical ocean regions. The values given are medians
(inter-model medians for the simulations), with the 25%–75% ranges in parentheses. The reconstructed median years of onset and emergence are determined using 15–50-yr filter widths. Visual
representations of the data are found in Fig. 2a (onset of warming in reconstructions), Fig. 3a (onset of warming in simulations), Fig. 2b (rates of warming) and Fig. 2c (climate emergence).
*
Compared with a median warming onset of ad 1886 in the original Australasia 2k reconstruction4 that includes marine SST-sensitive records.
†
Sustained, significant warming never achieved in reconstruction.
‡
Emergence of industrial-era warming above the ad 1622–1799 (reference interval) variability was within 20 years of the end of the reconstruction, making permanent emergence uncertain.
§
Emergence was not achieved in reconstruction.

between ensemble members for the same region—compared to experiments run with greenhouse forcing alone (Fig. 3c).
Simulations suggest that recovery from volcanic cooling is not an
essential requirement for reproducing the mid-nineteenth-century
onset of industrial-era warming. Multi-model experiments forced
with only greenhouse gases capture regional onsets for sustained
industrial-era warming that are consistent with the tropical ocean and
Northern Hemisphere continental reconstructions (Fig. 3d). Testing of
our change-point detection method also indicates that volcanic-style
cooling events do not substantially alter the onset determined for sustained warming trends in synthetic time series (Methods, Extended
Data Fig. 3a, b). We conclude that greenhouse forcing of industrial-era
warming began by the mid-nineteenth century, but that the confluence
of explosive volcanic eruptions around this time was probably also
influential in aligning the onset of warming over tropical ocean and
Northern Hemisphere land regions.

Mechanisms of industrial-era warming

Our regional palaeoclimate assessments show that the thermodynamic
response to increasing greenhouse gas concentrations developed in
the oceans and atmosphere even when anthropogenic contributions
were small. The spatial fingerprint of the onset of industrial-era warming may further elucidate the role of the oceans in the development of
anthropogenic warming. We explore this by assessing change-points
in the site-level palaeoclimate records that contribute to the marine14,15
and terrestrial4,16 temperature reconstructions (Extended Data
Fig. 6). Onset estimates from site-level records are more variable than
for the regional reconstructions. This variation arises from (i) lower
trend-to-variability (or signal-to-noise) ratios in individual palaeoclimate records, (ii) varying lengths of the individual records that do not
always include information before the onset of sustained industrial-era
trends and (iii) differences in how representative each record is of local
temperature. Issues similar to (i) and (ii) limit the detection and attribution of climate change at subregional scales from climate observations
and simulations35. For these reasons, we view the site-level analyses
in only a qualitative sense (Fig. 4), using them to aid the more robust
assessments derived from regional reconstructions (Fig. 2).
Sustained, significant warming trends developed during the industrial era across the majority (71%, n = 55) of marine records (Extended
Data Fig. 6a). This complements similar findings of widespread recent
warming trends in site-level palaeoclimate records from predominantly
terrestrial environments4. Development of sustained warming during
the nineteenth century in individual records from the tropical oceans
and in Northern Hemisphere mid- and high-latitude terrestrial records

(Fig. 4) corroborate our findings based on the regional reconstructions.
Some Southern Hemisphere mid-latitude terrestrial records also show
this early warming (Fig. 4a), suggesting that although continental-scale
temperature reconstructions for Australasia and South America indicate
a delayed onset of industrial-era warming (Fig. 2), this may not be representative of all Southern Hemisphere mid-latitude land areas (Fig. 4a).
The early onset of industrial-era warming of the tropical oceans
was widespread; however, industrial-era climate changes may
have resulted in localized surface-ocean cooling in some settings
(Extended Data Figs 6b, 7a). Previous assessments of the moderately
resolved marine records cautiously concluded that qualitative warming and cooling trends during the twentieth century were produced
if the records were composited into a priori defined non-upwelling
and upwelling subsets, or if the records were composited by tropical versus Northern Hemisphere extratropical location, or by proxy
type15. Our change-point assessment of the moderately resolved
marine records finds that the most distinct differentiation between
recent cooling and warming trends occurs when the records are
separated into upwelling and non-upwelling sites (Extended Data
Fig. 7b–d). Therefore, enhanced ocean upwelling may be the most
plausible mechanism for explaining the recent cooling trends detected
at some marine sites, consistent with theories that climate warming
could, in some locations, cause strengthening of the surface winds
that generate coastal upwelling36–38.
The early development and rapid rate of tropical ocean warming
during the industrial era (Figs 2, 4b) may corroborate model-based
descriptions of an enhanced equatorial response of the oceans to
increased greenhouse forcing39,40. The warming near the equator as a
result of an enhanced equatorial response is caused by increased surface ocean stability and a reduction in surface evaporative cooling due
to the combination of lower wind speed and relative humidity. The
hypothesized enhanced-equatorial-response mechanism and spatial
fingerprint differs from an El Niño-like response of the tropical oceans
to global warming (requiring weaker Walker circulation, reduced eastern Pacific upwelling and reduced east–west SST gradient)41 and shows
greater consistency between models39. A regional SST reconstruction
for the eastern Pacific, although not used in our study because it is
thought to have a spuriously large twentieth-century trend attributed
to hydrologic effects14, indicates that sustained, significant warming
of eastern Pacific SST began markedly later (around ad 1913) than in
the other tropical ocean regions14. Full-forcing and greenhouse-only
climate model simulations assessed spatially at a grid resolution of
5° × 5° (Extended Data Fig. 8) also display a delayed onset of industrialera warming in the eastern Pacific over a narrow region along the
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Figure 4 | Latitudinal development of site-level temperature trends.
a, b, Cumulative distributions for terrestrial (a) and marine (b) records,
showing latitudinal development of sustained significant warming (red;
upward) or cooling (blue; downward) trends across the site-level records
(Extended Data Fig. 6). The distributions are expressed as a proportion
of total records within each latitudinal band (number of total records, n,
indicated; grey values indicate an insufficient number of site-level records
(n ≤ 2) for meaningful comparison). Light shading in b denotes trends at
marine sediment core sites with an a priori upwelling regime (Extended

Data Fig. 7), for which the localized SST response36–38 to regional climate
warming may not be representative of latitudinal average climate. Dashed
lines show the temporal coverage of site-level records (expressed as a
proportion of latitudinal band total, n). c, The number and type of proxy
records available by latitudinal band (bars are coloured by archive type).
Because of the varying length of individual records, not all of which cover
the full interval of industrial-era warming (particularly tropical corals), we
use these data only as a qualitative indicator of the relative timing of the
onset of industrial-era warming between different latitudinal bands.

equator, distinct from the otherwise widespread early onset of tropical
surface ocean warming (Extended Data Fig. 8, Supplementary Fig. 3).
The delayed detection of sustained, significant warming in the eastern
Pacific may be influenced by large-amplitude interannual variability
there (Extended Data Fig. 3b, c), which limits our ability to confidently
evaluate El Niño (or La Niña)-like dynamic mechanisms in defining
the onset of industrial-era warming across the oceans. Nevertheless, the
early onset of industrial-era warming in tropical ocean regions away
from the equatorial eastern Pacific, in reconstructions and simulations,
appears to support an enhanced equatorial response in the SST changes
caused by global warming.
Widespread warming of tropical SSTs during the industrial era
(Figs 2, 4b) may have had global importance because of the nonlinear influence of tropical SSTs on deep atmospheric circulation,
which redistributes heat and moisture. The latitudinal development
of terrestrial warming that we observe across individual palaeoclimate records (Fig. 4a) is similar to that reported for twentiethcentury terrestrial air temperature observations42. In that study it was
proposed that twentieth-century terrestrial warming focused over the
Northern Hemisphere subtropical–subpolar regions and in a narrow
band over the Southern Hemisphere subtropics could be indicative of
anthropogenically forced widening of the tropics through expansion
of the Hadley circulation cells42. The causes of recent multi-decadal
episodes of contraction and expansion of Hadley circulation43,44 have
proven difficult to resolve because of the brevity of observational
datasets. However, numerous studies suggest that tropical ocean
warming is essential for reproducing the recent poleward expansion
of the Hadley circulation, because of the effect of SST on tropospheric
temperature, tropopause height, and baroclinic wave position and
stability45,46. Further assessments of marine and terrestrial palaeoclimate networks, including compilations of hydroclimate-sensitive
records currently in development, have the potential to provide a context

for the role of rapid tropical ocean warming during the industrial era
in widening the tropical climate belt.
Differences between Southern Hemisphere reconstructions and simulations, and the lack of suitable palaeoclimate records from the extratropical Southern Hemisphere oceans, currently preclude an assessment
of the role of the oceans in the delayed onset of Antarctic warming that
is seen in regional (Fig. 2) and site-level (Fig. 4a) palaeoclimate analyses, and in observational records26. Idealized model experiments of
ocean heating predict a centennial-scale delayed onset of anthropogenic
warming in the Southern Ocean caused by upwelling of unmodified
subsurface water and northward advection of any surface warming
signal11,47. The strengthening of westerly winds over the Southern
Ocean during the twentieth century, related to the Southern Annular
Mode48, have probably also influenced the delayed development of
sustained industrial-era warming over Antarctica. In the Northern
Hemisphere, the scarcity of suitable marine palaeoclimate records from
the mid- to high latitudes also precludes an assessment of ocean–land
relationships during the onset of industrial-era warming. However, we
find that in full-forcing and greenhouse-only simulations the onset
of sustained surface ocean warming in the North Atlantic Ocean
is delayed, or instead is characterized by cooling (Extended Data
Fig. 8). This finding is consistent with reports of an unusual slowdown
of Atlantic Meridional Overturning Circulation during the twentieth
century49. Increasing knowledge of the temperature evolution of the
extratropical oceans before and during the industrial era should be
considered a key target for future palaeoclimate research.
The spatial development of industrial-era warming across the oceans
and continents demonstrates that the tropical oceans and Northern
Hemisphere were particularly responsive to the climate forcings that
shaped industrial-era warming. The mid-nineteenth-century commencement of industrial-era warming suggests that Earth’s surface
temperature may respond to even small increases in greenhouse gas
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forcing more rapidly than previously thought50, and highlights the
importance of multi-century palaeoclimate records and model simulations in assessing the response of worldwide climate to anthropogenic
greenhouse gas emissions.

33.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Palaeoclimate data. We use the newly developed SST reconstructions and palaeoclimate databases of the PAGES Ocean2k working group. For full details of
the data selection criteria and in-depth discussions of the marine datasets and
reconstructions, see refs 14 and 15.
The high-resolution (annual or better) component of the Ocean2k dataset consists of 57 coral records (including multiple sensors for some records; Extended
Data Table 1), which were used to reconstruct regional mean SST histories for
different sectors of the tropical oceans14. The SST reconstructions for the tropical
Indian, western Pacific and western Atlantic regions are statistically robust over
most of the past 400 years14. The same reconstruction method applied to the tropical eastern Pacific region yielded poorer statistics and a twentieth-century SST
trend that is stronger than suggested by instrumental records. This was attributed
to nonlinear hydrologic effects in the eastern tropical Pacific14; hence, we exclude
this regional reconstruction from the current study. We use the ‘best’ reconstruction for each region, as identified in ref. 14 on the basis of validation statistics
from the ensemble of reconstructions produced. From the Ocean2k low-resolution
database15, we use a subset of 21 marine records that are suitable for the recent
temperature trend analysis carried out in this study (Extended Data Fig. 7a). These
21 records meet additional criteria of having strong chronological control through
210
Pb profiling or counting of annual sediment layers or coral growth bands, as
well as an average sample resolution of 25 years or better; we refer to these as
moderate-resolution records. The sense of the proxy-temperature response of the
high- and moderate-resolution ocean palaeoclimate records is based on known
physical relationships for the incorporation of geochemical and biological tracers
into these records or on individually assessed and published temperature–growth
relationships.
We compare the ocean records to the continental-scale temperature reconstructions and palaeoclimate databases developed in phase 1 of the PAGES 2k
project4, including the updated Arctic v1.1.1 reconstruction and database16. For
the North America region we use the tree-ring-based reconstruction, which has
decadal resolution, rather than the lower-resolution pollen-derived temperature
reconstruction. To avoid record duplication, all marine records were removed
from the PAGES 2k continental database before site-level trend analysis. We also
exclude the four instrumental records in the South American 2k database from
our site-level data assessment so that all information is derived solely from palaeoclimate archives. At the level of regional temperature reconstructions, a small
degree of overlap exists in the contributing data used for some of the previously
published reconstructions. Specifically, 9 of the 28 records used for the Australasia
2k temperature reconstruction are also used for the tropical western Pacific SST
reconstruction, and 1 is used for the tropical Indian Ocean SST reconstruction.
To avoid any bias introduced by data overlap, we use a terrestrial-only Australasia
2k reconstruction that was produced using the same methodology as the original
reconstruction4, but excludes any of the marine geochemistry records that are
used in the Ocean2k high-resolution reconstructions. Details of this terrestrialonly reconstruction, and the reconstruction data and statistics, accompany this
paper as Supplementary Data 1. The terrestrial-only reconstruction demonstrates
close agreement with the original Australasia 2k reconstruction and none of the
interpretations presented here is altered by using the original reconstruction
instead of the terrestrial-only version.
Matlab data structures containing the site-level proxy data and regional
reconstructions used in this study are archived with the National Centers for
Environmental Information (NCEI) World Data Service for Paleoclimatology at
http://www.ncdc.noaa.gov/paleo/study/20083.
Palaeoclimate data analysis and uncertainties. The analyses performed in this
study use annually resolved, unsmoothed input data. For the moderately resolved
marine records (resolution given in Extended Data Fig. 7a) and the North America
reconstruction (decadal resolution), pseudo-annual data was produced by performing a nearest-neighbour interpolation to produce stepped datasets that continued values across the entire sampling interval that they represent. Chronological
uncertainty in the palaeoclimate records and reconstructions is extremely low for
the industrial era. Annual layer chronologies would be expected to be known to
within ±2–3 yr back to ad 1800, using conservative estimates and not taking into
account the 1815 Tambora eruption that left an unambiguous fixed-time marker
in many palaeoclimate archives. Therefore, chronological uncertainty in the industrial era is well within the level of interpretability of our estimates for the onset of
sustained, significant warming based on the change-point detection method (see
Methods section ‘Change-point method testing’).
The area weightings used to calculate the average tropical ocean temperature
histories in Fig. 1d were based on the surface area of the target reconstruction
regions on an Earth ellipsoid. These areas are: Indian Ocean, 25.5 × 106 km2;
western Pacific, 26.9 × 106 km2; western Atlantic, 5.1 × 106 km2. The areas of the

terrestrial reconstruction regions4 (Fig. 1c) are: Arctic, 34.4 × 106 km2; Europe,
13.0 × 106 km2; Asia, 31.1 × 106 km2; North America, 12.5 × 106 km2; Australasia,
37.9 × 106 km2; South America, 20.0 × 106 km2; Antarctica, 34.4 × 106 km2.
The seasonality of the temperature signal captured by the reconstructions differs between regions, owing to the availability of site-level palaeoclimate records
in each region, some of which capture climate information related to only a specific season (for example, a summer growing season for trees). Detailed discussion on seasonality can be found in refs 4, 14 and 15. To summarize: the tropical
ocean reconstructions represent April–March (tropical year) annual averages; the
Arctic, North America and Antarctic reconstructions represent annual averages;
the Australasia reconstruction represents a September–February half-year (warm
season) average; and the Europe, Asia and South America reconstructions represent local summer averages. We do not expect the seasonal differences between
the regional reconstructions to affect our interpretations of the onset of sustained,
significant warming between different regions. Change-point analysis of climate
model simulations produces near-identical regional warming onsets when data
are compiled as annual averages across all regions, and as season-specific averages
that match the reported seasonality for each corresponding palaeoclimate reconstruction (Extended Data Fig. 4).
The effect that uncertainty in the regional temperature reconstructions may
have on estimates of the onset of industrial-era warming was assessed using
reconstruction ensembles (Extended Data Fig. 1a). Reconstruction ensembles are
available for South America, Australasia and the three tropical ocean regions, and
were calculated as part of the original reconstruction process by using different
methodological choices based on the proxy network, the temperature calibration interval and/or target dataset. We also extend this analysis to reconstruction
ensembles available for Northern Hemisphere3 and Southern Hemisphere5 average
temperature as an additional test of the apparent Southern Hemisphere delay in the
onset of industrial-era warming (Extended Data Fig. 1a, Supplementary Fig. 1).
Uncertainty in the onset of industrial-era warming related to reconstruction
uncertainty has a 5%−95% range of within −3 yr to +25 yr for the three tropical
ocean regions (which each have an average ±2σ range across reconstruction members of approximately 0.1 °C during the nineteenth and twentieth centuries). The
Australasia ensembles have an average ±2σ range of 0.4 °C during the nineteenth
and twentieth centuries, and there is a −35 yr to +46 yr range (5%−95%) in onset
estimates determined across this ensemble. The South America ensembles have
an average ±2σ range of 0.6 °C during the nineteenth and twentieth centuries,
and a −16 yr to +31 yr range (5%−95%) in the onset of industrial-era warming
(Extended Data Fig. 1a).
As a first-order estimate, the ranges of onset timings obtained from regions
for which reconstruction ensembles are available may provide guidance on how
reconstruction uncertainty affects other regions. The regional reconstructions
for the Arctic and Europe have a similar magnitude of uncertainty during the
nineteenth and twentieth centuries to the South America reconstruction (average
±2σ of approximately 0.6 °C). Therefore, uncertainty in the onset of industrial-era
warming related to regional reconstruction quality may be similar between these
regions. Reconstruction uncertainty is higher for Asia (approximately 0.9 °C for
±2 root-mean-square error) and Antarctica (approximately 1.2 °C for ±2 standard
error), and so we may expect a larger uncertainty range in onset estimates related
to reconstruction quality for these regions. Reconstruction uncertainty for North
America is based on decadal-resolution data, and so is not directly comparable to
the annual resolution of the other regional reconstructions.
Sample size. No statistical methods were used to predetermine sample size.
Model output. We compare the regional palaeoclimate reconstructions to a
multi-model ensemble of transient last-millennium simulations from ad 850 to
ad 185051 (Extended Data Table 2), completed as part of the Fifth Coupled Model
Intercomparison Project (CMIP5). Historical simulations from the same ensemble were used to extend the model output from ad 1850 to ad 2005. The CMIP5
last-millennium and historical experiments use transient radiative forcings that
include orbital, solar, volcanic, greenhouse and ozone parameters, as well as landuse changes17,52. All data were accessed from the Earth System Grid Federation,
with the exception of the historical portions of the HadCM3 simulation (provided
by A. Schurer) and the FGOALS-s2 simulation (provided by T. Zhou and W. Man).
Multiple simulations of the last-millennium run with LOVECLIM18 were used
to examine climate responses to single radiative forcing scenarios (three ensemble
members each) and to assess intra-model variability in full forcing simulations
(ten ensemble members). We also examine multiple last-millennium simulations
of the CSIRO Mk3L coupled climate model run with progressive addition of radiative forcings (three ensemble members each)21. The climate response to greenhouse gas forcing alone was further assessed using single forcing experiments of
the HadCM320 (four ensemble members) and NCAR CESM119 (three ensemble
members) models.
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For each of the models we examine surface air temperature (tas field in CMIP5
output files) averaged over the PAGES 2k continental palaeoclimate reconstruction
regions, and sea surface temperature (tos field in CMIP5 output files) averaged over
the PAGES Ocean2k tropical ocean reconstruction regions. Monthly resolution
model output was used to generate annual or season-specific averages that correspond to each palaeoclimate reconstruction target region. Because we use the
simulations to examine change-points rather than the magnitude of trends, we do
not apply any drift corrections to the model output. Change-point analysis was
performed on individual model runs and then compiled (Fig. 3, Supplementary
Fig. 2, Extended Data Fig. 8), rather than on ensemble averages, to avoid loss of
internal variability in the model data.
Matlab data structures containing the model output (compiled as regional time
series with annual-average and season-specific resolution) used in this study are
archived with the NCEI World Data Service for Paleoclimatology at http://www.
ncdc.noaa.gov/paleo/study/20083.
Change-point analysis method. We analyse the trends in the PAGES 2k continental and tropical ocean temperature reconstructions (Fig. 2a, Extended Data
Fig. 1a), in the site-level terrestrial and marine palaeoclimate databases (Fig. 4,
Extended Data Figs 6, 7) and in model simulations (Fig. 3, Extended Data Figs 2, 8,
Supplementary Figs 2, 3) using the SiZer (SIgnificant ZERo crossings of derivatives) method24. SiZer determines the sign and significance of trends in time series
data across different levels of smoothing using a Gaussian kernel filter. Following
the method used in refs 14 and 23, we assess climate change-points from SiZer
output by determining the median year of initiation for the most recent significant
(P < 0.1) and sustained trends across smoothing bandwidths spanning all integer
years in the range 15–50 yr. This range of smoothing levels is designed to reduce
the influence of interannual-to-decadal climate variability on the detection of a sustained trend, while avoiding shifting the true change-point time if the smoothing
window is too long. We assess trends in the time series since ad 1500, and the onset
of the most recent significant trend is classified only if the sign of the trend persists
through to the most recent end of the record (that is, a sustained trend). Extended
Data Fig. 2a shows the SiZer data used to assess the median initiation point for
recent significant warming trends across the continents and tropical oceans in
palaeoclimate reconstructions (Fig. 2a). Supplementary Fig. 1 shows the SiZer
data for multi-model palaeoclimate simulations (Fig. 3a).
Change-point method testing. Change-points determined by the SiZer method
were tested on a set of synthetic time series with known warming onset (Extended
Data Fig. 3). We also compare SiZer estimates for the synthetic warming onset with
change-points determined using linear change-point methods53,54. The synthetic
time series were designed to test the performance of change-point detection methods across different forms of long-term trends, in the presence of volcanic-style
cooling events, and for varying magnitudes and redness (lag-1 autocorrelation)
of variability superimposed upon the trend. Each test was carried out across
1,000-member ensembles to generate a distribution of change-point estimates for
each method.
Linear change-point detection methods best capture the change-point in synthetic time series when the long-term trend is derived from two straight lines
(Extended Data Fig. 3a, series i, ii). However, the SiZer method is more adaptable than linear change-point methods in detecting the true change-point in time
series in which the long-term trend is a curve rather than a straight line (Extended
Data Fig. 3a, series iii). This is expected to be advantageous for detecting the initial thermodynamic response to increases in atmospheric greenhouse gas levels,
which have an accelerating trajectory during the industrial era (Fig. 3d). Previous
research has concluded that, despite the complexity of the climate system, there is
a near-linear relationship between global radiative forcing changes and the climate
response10,55. Hence, we would expect industrial era climate trends to be better
approximated by a curve than by a simple straight line.
The addition of synthetic volcanic-style cooling events at the time of, and before,
the change-point in synthetic series causes only small deviations in SiZer estimates
of the climate change-point away from the true synthetic change-point (Extended
Data Fig. 3a, series iv–vi). In our tests with a curved (accelerating) warming trend
and volcanic-style cooling events centred at 0 yr, −25 yr and −50 yr relative to
the onset of the warming trend, the SiZer method returns median times for the
warming onset at −1 yr, −9 yr and −13 yr, respectively. This gives us confidence
that large volcanic eruptions during the early nineteenth century are not likely to
have substantially skewed the detection of the onset of industrial-era warming
trends assessed using the SiZer method.
Finally, we test the sensitivity of change-point detection methods to the addition
of varying climate variability (autoregressive AR(1) noise) superimposed on the
same long-term warming trend. As the magnitude of climate variability increases,
the detection of change-points becomes progressively later using the SiZer method
(Extended Data Fig. 3b). As a result, climate time series from regions with large

interannual-to-multi-decadal variability may have delayed detection of the onset of
industrial-era warming relative to regions with small variability, unless the magnitude of the underlying warming trend is also larger in these regions. In our testing,
different levels of lag-1 autocorrelation for the AR(1) noise added to an underlying
trend does not alter the median estimate for the onset of warming; however, the
range of onset estimates about this median becomes greater as autocorrelation
increases (Extended Data Fig. 3c).
Across all of the tests examined here, the linear intersection and Bayesian
change-point detection methods produce much wider ranges of warming onset
estimates than those produced using the SiZer method on the same synthetic
ensembles (Extended Data Fig. 3a–c). The linear methods are also less able to
detect change-points for trends that are not simple linear functions. On the basis
of our change-point method testing, we use the SiZer method in this study, because
it appears to be most adaptable and stable for dealing with the climate changes that
characterize industrial-era warming.
We apply our method testing to assess the range of uncertainty in estimates of
the onset of regional warming related to the SiZer change-point detection method
(Extended Data Fig. 1b). This is carried out using an accelerating warming trend
upon which AR(1) noise is added that has the same lag-1 autocorrelation and
trend-to-variability characteristics as the regional reconstructions. These parameters are estimated by calculating characteristics of residuals about the 15-yr filters
(as in Fig. 2a) of the regional reconstructions. Uncertainty in onset estimates related
to the SiZer method is small, typically better than ±25 yr (5%–95%). Exceptions
are Antarctica, for which the small trend relative to variability does not allow for
the detection of significant trends, and Asia, for which strong lag-1 autocorrelation
leads to uncertainty in the lower (5%) bound for the onset of warming (Extended
Data Fig. 1b).
Emergence testing. We use the regional temperature reconstructions to determine
the extent to which industrial-era warming has caused regional climates to emerge
above the level of pre-industrial variability. We choose the interval ad 1622–1799
as the climate baseline to test emergence against. The starting point (ad 1622)
represents the earliest year for which temperature reconstructions are available
for all of the terrestrial and marine regions examined in this study. The end year
(ad 1799) was chosen as a time well before the onset of industrial-era warming
in any of the regional reconstructions (Table 1). It is also before strong volcanic
cooling events associated with the 1809 Unknown and 1815 Tambora eruptions,
which could skew the reference period towards cooler states.
Time of emergence is detected when a climate change signal emerges above a
defined noise threshold28. Here we use a threshold of 2σ of interannual variability
above the mean of the reference interval (Fig. 2c). We smooth the reconstructions
using filters with widths of 15–50 yr (the same as for our change-point assessments)
and calculate the median time when the climate signal (smoothed reconstructions)
emerges and stays above the noise threshold. The emergence year is quite insensitive to the level of smoothing we apply to the climate signal across the 15–50-yr
filter widths, with the 5%–95% range of emergence estimates being between only
1 yr and 8 yr for the regional reconstructions for which climate emergence is found
to occur.
A difference between our climate emergence assessment and previously published time-of-emergence studies is that the palaeoclimate reconstructions allow
us to assess climate emergence using a long baseline interval that occurs entirely
before the onset of industrial-era warming. Our results demonstrate that, in some
regions, industrial-era warming has already caused climate to emerge above the
range of natural variability in the ad 1622–1799 reference interval (Table 1). We
test the sensitivity of this result to the choice of reference interval and find that
all tested reference intervals before the onset of industrial-era warming result in
similar regional emergence patterns and timings, whereas reference periods that
include parts of the industrial-era warming signal result in later estimates for the
time of emergence. For example, in the Arctic reconstruction, time-of-emergence
estimates based on different reference periods are: ad 1947 (ad 1500–1799
reference), ad 1930 (ad 1600–1799 reference), ad 1930 (ad 1622–1799 reference;
Table 1), ad 1938 (ad 1700–1799 reference), ad 1960 (ad 1800–1899 reference)
and ad 1978 (ad 1850–1899 reference). The overlapping interval of the regional
reconstructions that we use for our time-of-emergence reference (ad 1622–1799)
occurs during the time of coolest conditions during the past 2,000 years4,15. Using
longer palaeoclimate reference intervals that incorporate earlier, warm intervals of
the past 2,000 years will alter time-of-emergence results, but it is not currently possible to perform this assessment consistently between regions, owing to the length
limitations of currently available tropical ocean temperature reconstructions.
Instrumental data. We plot temperature trends from gridded instrumental
datasets in Fig. 1. The surface air temperature datasets are from the Climate
Research Unit (CRU) TS3.22 product56, or the ERAI-f product57 for surface air
temperature over Antarctica, and the sea surface temperature datasets are from
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the HadiSST product58. The CO2-equivalent record shown in Fig. 3d is derived
from ref. 59.
Code availability. Matlab code for assessing the onset (and sign) of industrial-era
climate trends using the SiZer method is archived with the NCEI World Data
Service for Paleoclimatology at http://www.ncdc.noaa.gov/paleo/study/20083.
These files include the original SiZer package24 obtained from http://www.unc.
edu/~marron/marron_software.html, and additional code to assess the onset of
sustained, significant temperature trends in annually resolved climate records.
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Extended Data Figure 1 | Regional distributions of onset estimates
for industrial-era warming and post-ad 1800 warming trends.
a, Median (black vertical bars; as in Fig. 2a) onset of sustained, significant
warming in regional reconstructions, shown with uncertainty ranges in
onset estimates based on available reconstruction ensembles (colours;
Methods). Distributions of onset estimates related to reconstruction
uncertainty denote median (vertical bars), 25%–75% range (boxes) and
5%–95% range (horizontal lines). Distributions for the onset of warming
are also calculated for Northern Hemisphere and Southern Hemisphere
reconstruction ensembles3,5, with additional details in Supplementary
Fig. 1. The size of reconstruction ensembles is given (n). b, As in a, but
for uncertainty ranges in onset estimates based on the SiZer changepoint detection method. Distributions (grey) denote the uncertainty in

detecting a known warming onset based on synthetic tests, for which
1,000 noise series with lag-1 autocorrelation and trend-to-variability
characteristics matching the regional reconstructions are applied to an
underlying trend (Methods, Extended Data Fig. 3). Crosses are used for
regions for which low trend-to-variability characteristics (Antarctica) or
high autocorrelation (Asia) limit the detection of a sustained, significant
warming trend in the synthetic tests. c, Distribution of century-scale
(100-yr) linear warming trends since ad 1800 (coloured bars), shown with
reference to the 5%–95% range of century-scale trends beginning during
the period ad 1500–1799 (grey shading). Values denote the percentage
of century-scale trends since ad 1800 that lie below the 5% level (left)
or above the 95% level (right) of trends beginning during the period
ad 1500–1799.
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Extended Data Figure 2 | SiZer trend maps used to assess the onset
of sustained, significant warming. a, SiZer trend maps23,24 for each of
the regional land and ocean temperature reconstructions. The timing of
warming (red) and cooling (blue) trends are calculated at different levels
of smoothing. Significant (P < 0.1) trends are shown by dark red and dark
blue shading. Vertical lines indicate the median onset time for the most
recent phase of sustained, significant warming calculated across 15–50-yr
filter widths (as used in Fig. 2a; Table 1). b, As in a, but for the ensemble
mean of regional surface air and surface ocean temperatures across CMIP5
last-millennium and historical model simulations. The SiZer analysis
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for the multi-model ensemble mean is shown for illustrative purposes
only and removes the influence of unforced variability to highlight the
multi-model thermodynamic response to climate forcings since ad 1500.
The multi-model change-point distributions shown in Fig. 3a are based
on SiZer analysis of individual experiments (Supplementary Fig. 2),
not on the ensemble mean shown here. c, d, Radiative climate forcings
from greenhouse (green), solar (orange) and volcanic (red) sources since
ad 150017,52. Note that the magnitude of short-term forcing from large
volcanic events17,22 exceeds the lower limit of the plot axis.
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Extended Data Figure 3 | Assessment of change-point detection
methods using synthetic time series. a, Example synthetic time series
(grey), consisting of long-term trends with a change-point at year 0 (black)
and AR(1) noise with a lag-1 autocorrelation of 0.1 and ratio of 100-yr
trend to 2σ noise of 1:0.5. The synthetic trends represent: (i) no trend, then
linear upward trend; (ii) small linear downward trend, then linear upward
trend; (iii) small linear downward trend then accelerating upward trend
(one-quarter of a period of a sine curve); (iv–vi) as in (iii), but with 10-year
long downward excursions centred at 0 years (iv), −25 years (v) and −50
years (vi) relative to the onset of the accelerating upward trend. Synthetic
trends are designed to capture known features of Earth’s climate evolution,
namely, a long-term gradual pre-industrial cooling trend followed by
accelerating industrial-era warming with superimposed episodic volcanic
cooling events. The distributions of change-point results using the SiZer
method (blue; Methods), the best-fit intersection of two straight lines53

(orange) and a Bayesian linear change-point method54 (purple; screening
for one change-point and selecting the time of maximum probability) are
shown for each experiment. Distributions show the median (thick vertical
bars), 25%–75% range (boxes) and 5%–95% range (horizontal lines) of
change-points returned across 1,000-member ensembles for each test.
b, As in a, but testing the influence of different magnitudes of AR(1) noise
on detecting the onset of warming in an underlying trend (using the small
linear downward trend then accelerating upward trend, as in test (iii) in a).
Tests use a ratio of the 100-yr trend to 2σ noise of 1:0.2 (vii), 1:0.5 (viii),
1:1 (ix) and 1:1.5 (x). c, As in b, but testing the influence of different AR(1)
autocorrelation on detecting the onset of warming in an underlying trend.
Tests use lag-1 autocorrelations of 0.1 (xi), 0.3 (xii), 0.5 (xiii) and 0.7 (xiv).
See Methods for a detailed discussion of these change-point method tests
and Extended Data Fig. 1b for application of the SiZer method tests using
signal-to-noise parameters applicable to the regional reconstructions.
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Extended Data Figure 4 | Sensitivity of the onset of sustained,
significant warming to seasonality. Median onset of sustained,
significant warming in regional reconstructions (grey vertical bars; as in
Fig. 2a), shown against the median (blue vertical bars), 25%–75% range
(boxes) and 5%–95% range (horizontal lines) of corresponding regional
median warming onsets across ten multi-model last-millennium climate
simulations with full radiative forcings. Dark blue distribution plots
(as in Fig. 3a) show the onset of warming for regions for which regional
temperature information from the models has been extracted for annual
or season-specific intervals that match the climate representation of
the regional reconstructions (as defined in refs 4, 14). For comparison,
light blue distributions show the model results for the median onset
of sustained, significant warming using annual average data for the
reconstruction regions with a seasonal preference (Europe, Asia,
Australasia and South America). The similarity between change-point
results based on annual average and season-specific model data suggests
that it is unlikely that seasonality plays a role in the regional characteristics
of the onset of sustained, significant warming described here. JJA,
June–August; SONDJF; September–February; DJF, December–February.
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Extended Data Figure 5 | Sensitivity of the onset of sustained,
significant warming to filter width. Distributions across 15–50-yr filter
widths for the regional onset of sustained, significant warming (Extended
Data Fig. 2a) showing the median (grey vertical bars), 25%–75% range
(grey boxes) and 5%–95% range (grey horizontal lines). Coloured circles
demonstrate the change-points determined at specific filter widths, with
markers at ad 2015 indicating that a sustained recent warming is not
detected. With the exception of Antarctica, for which significant warming
is not observed at any filter width, the change-point analysis shows that
shorter filter widths (less smoothing) yield more recent onset dates for
sustained warming. This is because decadal-scale variability resets the
time over which significant warming is determined to have been sustained
in records with less smoothing. This effect accounts for the wide rightside tails produced in warming onset distributions for the Northern
Hemisphere reconstruction regions for which decadal-scale variability is
particularly strong (Fig. 2).
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Extended Data Figure 6 | Site-level onset of sustained, significant
trends. a, b, The same SiZer-based trend analysis performed on the
regional reconstructions (Methods, Fig. 2a) was applied to individual
temperature-sensitive marine and terrestrial records4,14–16 to determine
the median time of onset of sustained, significant industrial-era warming
(a) or cooling (b) trends. c, Number of records available in a 2° × 2° grid
region (maximum n = 28). Where multiple site-level records are available

in a 2° × 2° grid, the median-of-medians change-point is shown in a or b.
Symbols are crossed in a and b if the interquartile range (25–75 percentile
range) of change-points within a grid box exceeds 80 years. In all plots,
terrestrial data are shown as squares and marine data are shown as
circles. The onset of site-level warming and cooling trends is compiled by
latitudinal band in Fig. 4.
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Extended Data Figure 7 | Moderately resolved marine records and
their industrial-era trends. a, Details of the moderate-resolution, SSTsensitive marine records37,60–78 compiled by the Ocean2k working group.
See ref. 15 for further details on these records. Acronyms under seasonality
refer to months. b–d, Cumulative distributions of the onset of sustained,
significant warming (red; upward) or cooling (blue; downward) in
subsets of the moderately resolved marine records. SiZer-based trend
analysis was performed on the site-level records and is compiled using
the same subsets examined in the ‘mini-bin’ analysis of ref. 15. Shading

in a denotes records for which SiZer analysis detects recent significant
cooling trends. The subsets of moderately resolved marine records
produce the best differentiation between recent warming and cooling
trends when the site-level change-point results are grouped according to
non-upwelling (warming) and upwelling (cooling) sites. This suggests that
enhanced ocean upwelling during the industrial era may provide a more
robust mechanism to account for recent cooling trends in some localized
parts of the world oceans, rather than differentiation based on latitude or
geochemical analysis type. NH, Northern Hemisphere.
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Extended Data Figure 8 | Onset of sustained, significant warming
trends in climate simulations. The same SiZer-based change-point
analysis performed on the regional reconstructions (Methods) was applied
to climate simulations compiled at 5° × 5° grid resolution to determine the
spatial fingerprint for the onset of industrial-era trends. a, b, The multimodel mean for the onset of sustained, significant warming in surface air
temperature (a) and sea surface temperature (b) calculated for the first
ensemble member of LOVECLIM, CSIRO Mk3L, CCSM4 and HadCM3
last-millennium experiments with full transient radiative forcings
(‘All forcing’). c, d, As in a and b, but for the first ensemble member of
greenhouse-only (‘GHG-only’) forced experiments of the same models.
Crosses indicate grid boxes in which one or more models produce recent
significant cooling rather than warming trends. See Supplementary Fig. 3

for results from individual models. In the subset of models examined here,
the fingerprint of warming onset across the oceans is characterized by
early warming of most tropical ocean regions except the equatorial eastern
Pacific. Delayed warming—or cooling—occurs in the North Atlantic,
Arctic and Southern Oceans. The onset of sustained warming is delayed at
the grid level in many terrestrial parts of the Northern Hemisphere midto high latitudes, owing to large decadal-scale model variability over these
regions, a feature that is reduced (but still evident; Extended Data Fig. 5) in
regionally averaged climate data. The delayed onset of Antarctic warming
is not evident in this grid-level assessment, consistent with Southern
Hemisphere data–model disagreement observed in regionally averaged
data.
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Extended Data Table 1 | High-resolution, SST-sensitive coral data compiled by the Ocean2k project
Reconstruction
region
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
western Pacific
eastern Pacific
eastern Pacific
eastern Pacific
eastern Pacific
eastern Pacific
eastern Pacific
eastern Pacific
eastern Pacific
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
western Atlantic
western Atlantic
western Atlantic
western Atlantic
western Atlantic
western Atlantic
western Atlantic
western Atlantic
western Atlantic
western Atlantic
western Atlantic
western Atlantic
western Atlantic

Latitude
o
( N)
27.10
27.10
13.60
-8.26
-1.50
-17.50
-5.22
-4.15
-2.50
-4.18
-4.18
-21.24
-21.24
-15.00
-15.94
-22.29
-22.48
-16.82
-16.82
-16.82
-21.91
-22.10
-19.90
10.28
-0.40
1.00
1.00
-0.53
7.95
5.87
5.87
-3.00
-12.65
-12.65
-23.15
-28.46
-8.02
-0.13
-4.62
-3.20
-21.00
29.43
27.85
27.85
30.65
30.65
16.20
16.20
17.93
17.93
32.47
32.47
24.93
25.38
25.84
20.83
24.66

Longitude
o
( E)
142.20
142.20
144.83
115.57
124.83
-149.83
145.82
144.88
150.5
151.98
151.98
-159.83
-159.83
166.99
166.04
166.27
166.47
179.23
179.23
179.23
113.97
153.00
-174.70
-109.21
-91.23
173.00
172.00
166.93
-82.00
-162.13
-162.13
40.00
45.10
45.10
43.58
113.77
39.50
98.52
55.00
40.10
55.00
34.97
34.31
34.32
-64.99
-64.99
-61.49
-61.49
-67.00
-67.00
-64.70
-64.70
-80.75
-80.17
-78.62
-86.74
-82.83

Site name

Coral genus

Sampling resolution

Proxy type

References

Chichijima
Chichijima
Double Reef
Bali
Bunaken
Moorea
Madang
Liang
Kavieng
Rabul
Rabul
Raratonga*
Raratonga*
Espiritu Santo
Sabine Bank*
Amedee Island*
Amadee Island
Suvasuva Bay
Suvasuva Bay*
Suvasuva Bay
Ningaloo Reef
Abraham Reef
Tonga
Clipperton Atoll*
Urvina Bay*
Maiana Atoll
Tarawa Atoll
Nauru*
Secas Island
Palmyra Atoll*
Palmyra Atoll
Malindi
Mayotte
Mayotte
Ifaty Reef
Houtman Abrolhos
Mafia Island
Mentawai*
Mahe, Seychelles
Malindi
La Reunion
Aquaba*
Ras Um Sidd*
Ras Um Sidd
Bermuda
Bermuda
Guadeloupe
Guadeloupe
Puerto Rico
Puerto Rico
Bermuda
Bermuda
Florida Bay
Biscayne, Florida
Bahamas
Yucatan*
Dry Tortugas*

Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Diploastrea
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Diploastrea
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Diploria
Diploria
Diploria
Diploria
Montastrea
Montastrea
Diploria
Diploria
Solenastrea
Montastrea
Siderastrea
Siderastrea
Siderastrea

seasonal
seasonal
monthly
monthly
monthly
annual
seasonal
seasonal
monthly
monthly
monthly
seasonal
seasonal
annual
monthly
monthly
seasonal
annual
annual
annual
seasonal
annual
annual
seasonal
annual
seasonal
monthly
seasonal
seasonal
monthly
monthly
annual
seasonal
seasonal
seasonal
seasonal
seasonal
monthly
monthly
monthly
seasonal
annual
seasonal
seasonal
annual
annual
monthly
monthly
annual
annual
monthly
monthly
annual
annual
annual
annual
monthly

Sr/Ca
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
Sr/Ca
18
δ O
Sr/Ca
18
δ O
Sr/Ca
18
δ O
18
δ O
Sr/Ca
18
δ O
18
δ O
18
δ O
Sr/Ca
18
δ O
18
δ O
Sr/Ca
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
Sr/Ca
18
δ O
18
δ O
Sr/Ca
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
18
δ O
Sr/Ca
18
δ O
Sr/Ca
18
δ O
Sr/Ca
18
δ O
Sr/Ca
18
δ O
18
δ O
growth rate
growth rate
Sr/Ca

79
79
80
81
81
82,83
84
84
85
86
86
87
87
88
89
90,91
92
93
87
87
94
95
96
97
98
99
100,101
102
103
104
105,106
107
108,109
108,109
110
111
112
113
114
115
116
117
118
119
120
120
121
121
122
122
123
123
124
125
126
127
128

See refs 79–128 and the database synthesis in ref. 14 for a detailed discussion of the high-resolution coral records. Shading denotes records for which SiZer analysis detects recent significant cooling
trends (Extended Data Fig. 6b). Strong multi-decadal variability may account for recent SST cooling signals in site-level coral records from Galapagos, Japan and Bermuda, whereas coral Sr/Ca records
from Papua New Guinea are believed to have non-climatic influences.
*Composite of multiple coral records.
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Extended Data Table 2 | Details of the last-millennium and historical climate simulations

BCC-CSM1.1

Sea surface temperature (tos files)
Last Millennium
Historical
past1000_r1i1p1
past1000_r1i1p1

Surface air temperature (tas files)
Last Millennium
Historical
past1000_r1i1p1
past1000_r1i1p1

MIROC-ESM

past1000_r1i1p1

historical_r1i1p1

past1000_r1i1p1

historical_r1i1p1

not available

not available

past1000_r1i1p1

historical_r1i1p1

MPI-ESM-P

past1000_r1i1p1

historical_r1i1p1

past1000_r1i1p1

thistorical_r1i1p1

NCAR CCSM4

past1000_r1i1p1

historical_r1i1p1

past1000_r1i1p1

historical_r1i1p1

past1000_r1i1p1
past1000_r1i1p124

pers. comm
historical_r1i1p124

past1000_r1i1p1
past1000_r1i1p124

pers. comm
historical_r1i1p124

past1000_r1i1p1

pers. comm

not available

not available

Model

IPSL CM5A-LR

HadCM3
GISS-E2-R*
FG

-s2

LOVECLIM†
LOVECLIM
LOVECLIM
LOVECLIM
CSIRO-Mk3L v1.2
CSIRO-Mk3L v1.2
CSIRO-Mk3L v1.2†
HadCM3
NCAR CESM1

Full forcing (10 member ensemble; e1-e10)
Greenhouse only (3 member ensemble)
Solar only (3 member ensemble)
Volcanic only (3 member ensemble)
Orbital + Greenhouse (3 member ensemble)
Orbital + Greenhouse + Solar
(3 member ensemble)
Orbital + Greenhouse + Solar + Volcanic
(3 member ensemble)
Greenhouse only (4 member ensemble)
Greenhouse only (3 member ensemble)

Full forcing (10 member ensemble; e1-e10)
Greenhouse only (3 member ensemble)
Solar only (3 member ensemble)
Volcanic only (3 member ensemble)
Orbital + Greenhouse (3 member ensemble)
Orbital + Greenhouse + Solar
(3 member ensemble)
Orbital + Greenhouse + Solar + Volcanic
(3 member ensemble)
Greenhouse only (4 member ensemble)
Greenhouse only (3 member ensemble)
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This table includes CMIP5 experiment and ensemble member identification and details of additional idealized forcing experiments18–21,129–131 (see also http://forecast.bcccsm.ncc-cma.net/web/
channel-43.htm, http://icmc.ipsl.fr/index.php/cmip5, http://www.mpimet.mpg.de/en/science/models/mpi-esm.html, http://www.cesm.ucar.edu/experiments and http://data.giss.nasa.gov/modelE/
ar5). Under CMIP5 protocols51, last-millennium simulations cover the period ad 850–1850 and historical simulations cover the period ad 1851–2005. The number of models that have run the CMIP5
transient last-millennium experiment is smaller than the full set of CMIP5 climate models.
*Experiment 24 of GISS-E2-R last-millennium ensemble is used for the multi-model assessment (Fig. 3a). The GISS-E2-R ensembles use different combinations of datasets for solar forcing, volcanic
forcing and land-use change, but do not include specialized single or cumulative forcing experiments such as those analysed in Fig. 3b–d.
†The first ensemble members of these experiments contribute to the multi-model assessment (Fig. 3a).
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