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More	science,	less	hassle.

What	do	geoscientists	want?		



Integration

PAGES2k 2.0.0 (692 records from 648 sites)
a) Archive types
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for industrial-era warming depends on (i) when warming began, (ii) 
the rate of warming and (iii) the magnitude of interannual to multi- 
decadal climate variability. Time-of-emergence studies typically use twen-
tieth 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 multi- 
century context available from the regional palaeoclimate reconstruc-
tions, 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 varia-
bility there. Emergence of industrial-era warming for Australasia is 
around ad 1960, because the delayed onset of warming is compen-
sated 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 comprehen-
sive assessments of industrial-era warming. The early onset of industrial- 
era 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  different 
models reproduces the near-synchronous mid-nineteenth-century 
onset of sustained, significant warming observed for reconstructed 
Northern Hemisphere surface air temperature and tropical SST  

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).
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Different Regions

Abram et al, Nature [2016]
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Figure 3 | Link between interannual and seasonal variability in models and
observations. Link between ENSO variance and the seasonal cycle in proxy
observations (top) and PMIP3 models (bottom). The observed values are
for all seasonally resolved records from the Pacific during the whole of the
past 10 kyr. The simulated values are based on 50-year segments from the
midHolocene and piControl simulations. On top, symbology as in Fig. 1. On
the bottom, triangles denote the median of piControl simulations, squares
the median of midHolocene simulations. Data from the EP, CP and WP were
pooled together, scaled by their interquartile range so their uncertainties on
both axes are commensurate. An orthogonal regression (total least
squares, TLS) fit is presented for both data sets, together with approximate
95% CIs (dashed lines) and probability density (grey contours) obtained
through bootstrap resampling (Methods).

Can PMIP3 GCMs simulate the magnitude of such reductions,
and if so, under which conditions? We answer this question by
computing the probability of observing ENSO variance reductions
of at least 64% on 50-year segments (Table 2). These probabilities
are extremely low under PI conditions, ranging from 1 to 12%.
Such occurrences are still rare under MH boundary conditions
(probabilities ranging from 3 to 15%), although most (7 out of 9)
of the models show an increased probability of ENSO reduction.
Thus, whereas orbital forcing characteristic of the MH tends to
drive simulated changes in ENSO variance in the right direction,
the amplitude of simulated changes is too modest, and the response
is not consistent among models. It is even harder to explain the
larger, more sustained reductions that may have prevailed during
the 3–5 kyr BP period, but the short length of the simulations
(Supplementary Table 2) precludes an assessment of this question.

The models all show a reduction in the median amplitude of
the AC in the midHolocene simulations, for all three regions. The
reduction is between 10 and 50% (depending on the model) but is
relatively uniform across the basin (Fig. 2, right). This uniformity

contrasts strongly with the observed changes in the 7.5–5.5 kyr BP
window, where AC amplitude is decreased in the WP but increased
in the CP. However, the reduction in AC amplitude in the WP is
⇠50% larger than in the simulations.

Links between ENSO and the seasonal cycle amplitude
We investigate the link between changes in ENSO variance and
in AC amplitude by plotting the fossil to modern ratio of ENSO-
band variance against the same ratio of AC amplitude, in both
Holocene observations and PMIP3 simulations (Fig. 3). Both axes
are scaled by their uncertainty to make an orthogonal regression
possible (Methods). The simulated relationship is significantly
negative (Fig. 3, bottom), in agreement with previous work17–20.
This contrasts with the observations, which reveal a weak positive
relationship betweenENSOvariance andACamplitude (Fig. 3, top).
Moreover, the range of variations inACamplitude is about 2–3 times
larger in the observations than in the simulations (Supplementary
Fig. 23). Similar results emerge if only data from the CP are
considered (Supplementary Figs 24 and 25), or if wavelet analysis
is used to diagnose the relationship between energy in the annual
and interannual bands19 (Methods and Supplementary Fig. 26). If
our interpretation of the data is correct, the mismatch between the
observed and simulated relationship between ENSO variance and
ACamplitude has important dynamical implications. The frequency
entrainment hypothesis15,20 states that a self-exciting oscillator
will give up its independent mode of oscillation and acquire the
frequency of the applied forcing (in this case, the AC in insolation).
It has long been invoked to explain the inverse relationship between
ENSO and the AC in coupled GCMs (refs 12,13,17,18). Our results
confirm that this link is strong in PMIP3 models, but suggest that it
is opposite to that found in observations over the Holocene.

In comparing the ENSO–AC relationship across models and
data, it is important to note the limitations associated with using
a sparse set of observations to constrain tropical Pacific dynamics.
One possible explanation for the model–data mismatch in the
ENSO–AC relationship is that uncertainties in AC amplitude
estimates from corals are more uncertain than depicted by the
bootstrap intervals, as documented by discrepancies of up to 30%
in AC estimates from overlapping coral �18O records from the
CP (Supplementary Fig. 12). The relationship between �18O and
SSS is poorly constrained on subannual scales, and may vary
across a given reef environment, further confounding estimates
of AC amplitude changes from high-resolution archives. Results
are, however, insensitive to the choice of ENSO metric as long as
fossil/modern ratios are used (Supplementary Fig. 27).

Changes in the spatial characteristics of ENSO represent another
source of uncertainty, as di�erent flavours of ENSO have di�erent
impacts on SST and SSS across the study domain. Canonical El Niño
events involve temperature changes in the EP.However,many events
peak in the CP (ref. 43). Indeed, changes in the prevalence of
ENSO flavours in the Holocene have been suggested by changes
in the asymmetry of ENSO anomalies in the EP (ref. 26) as well
as analysis of PMIP3 midHolocene simulations12,44. Thus, some
of the observed variations in ENSO intensity/frequency over the
Holocene could reflect changes in the spatial pattern of ENSO and
di�erences between individual records could reflect a dominance
of one expression of ENSO over another26. However, an empirical

Table 2 | Probability of observing periods of reduced ENSO activity in the CP in nine GCMs.

H0 HadGEM2 GISS KCM CCSM4 MIROC MPI CNRM IPSL CSIRO

PI null 1.37% 11.98% 1.62% 3.66% 2.82% 3.55% 0.88% 2.06% 5.00%
MH null 3.12% 3.16% 3.35% 5.60% 7.36% 9.78% 3.81% 15.50% 0.21%
Top row: frequency of occurrence of 50-year-long periods for which the ENSO variance ratio is as low as the 3–5 kyr BP average inferred from palaeoclimate observations (0.36—a 64% reduction) in
pre-industrial (piControl) simulations. Bottom row: same for midHolocene simulations.
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Proxies vs Model

Emile-Geay et al, Nature Geo, [2015]



 Main messages:

1.  Future paleoscience requires more integration
   Different proxies, different regions, proxies and models 

2. Integration requires standardization 

  Of terminology, of formats. 

3.The future will be open-source, or will not be
   age modeling, probabilistic reasoning
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During the current interglacial period, Earth’s climate has under-
gone significant climate variations that have yet to be quantified 
at the continental scale, where climate variability is arguably 

more relevant to ecosystems and societies than globally averaged 
conditions. Determining the magnitude of these changes is needed 
to distinguish anthropogenic impacts from the background range of 
natural variability1. Reconstructing spatiotemporal patterns of past 
climate variability helps us to understand and quantify the influence 
of externally forced and intrinsic dynamics of the global climate sys-
tem2, and to understand natural climate variability, which needs to 
be considered in future climate scenarios3,4. Here we present a global 
data set of proxy records and associated temperature reconstructions 
for seven continental-scale regions. We describe the most prominent 
features of continental-scale temperature changes at multi-decadal to 
millennial timescales. In contrast to other recent global-scale recon-
structions5,6, this study provides an inter-continental perspective of 
temperature evolution during the past one to two thousand years.

The PAGES 2k Network and temperature reconstructions
The ‘2k Network’ of the IGBP Past Global Changes (PAGES) project 
aims to produce a global array of regional climate reconstructions 
for the past 2000 years (www.pages-igbp.org/workinggroups/2k-net-
work). Nine PAGES 2k working groups represent eight continental-
scale regions (Fig. 1) and the oceans. Regional representation brings 
critical expert knowledge of individual proxy data sets, which is essen-
tial for improving palaeoclimate reconstructions7. The PAGES  2k 
Network is coordinated with the National Oceanic and Atmospheric 
Administration (NOAA) World Data Center for Paleoclimatology to 
establish a benchmark database of proxy climate records for the past 
two millennia (Supplementary Note A).

Reconstruction domains for the PAGES 2k regions reported here 
encompass 36% of the Earth’s surface (Fig. 1). Although the regions 
largely coincide with the continents rather than climatological cri-
teria, the annual mean temperature averaged over these regions 
explains 90% of the global mean annual temperature variability in the 
instrumental record (Supplementary Fig. S1). Suitable proxy records 
from Africa (Supplementary Part II) are currently too sparse for a 
reliable temperature synthesis8, and analysis of palaeoceanographic 

Continental-scale temperature variability during 
the past two millennia
PAGES 2k Network*

Past global climate changes had strong regional expression. To elucidate their spatio-temporal pattern, we reconstructed past 
temperatures for seven continental-scale regions during the past one to two millennia. The most coherent feature in nearly all 
of the regional temperature reconstructions is a long-term cooling trend, which ended late in the nineteenth century. At multi-
decadal to centennial scales, temperature variability shows distinctly different regional patterns, with more similarity within 
each hemisphere than between them. There were no globally synchronous multi-decadal warm or cold intervals that define a 
worldwide Medieval Warm Period or Little Ice Age, but all reconstructions show generally cold conditions between ad 1580 and 
1880, punctuated in some regions by warm decades during the eighteenth century. The transition to these colder conditions 
occurred earlier in the Arctic, Europe and Asia than in North America or the Southern Hemisphere regions. Recent warming 
reversed the long-term cooling; during the period ad 1971–2000, the area-weighted average reconstructed temperature was 
higher than any other time in nearly 1,400 years.

data by the recently formed Ocean2k group is in progress9. Each 
regional group identified the proxy climate records that they found 
were best suited for reconstructing annual or warm-season tempera-
ture variability within their region, using a priori established criteria 
(Supplementary Database S1). The PAGES 2k data set includes 511 
time series of tree rings, pollen, corals, lake and marine sediments, 
glacier ice, speleothems and historical documents that record changes 
in biological or physical processes that can be used to reconstruct 
temperature variations.

Except for North America, the PAGES  2k reconstructions have 
annual resolution (Supplementary Fig.  S2 and Database  S2). Three 
of the temperature reconstructions span approximately 2,000  years 
(Arctic, Europe and Antarctica), and three cover the past 1,000–
1,200  years (Asia, South America and Australasia). The North 
American region includes a shorter decadally resolved tree-ring-
based reconstruction (back to ad 1200) and a longer 30-year-resolved 
pollen-based reconstruction (back to ad 360).

Each continental-scale temperature reconstruction was derived 
using different statistical methods, with each 2k Network group tai-
loring its procedures to the strengths of their regional proxy records 
and calibration targets (Supplementary Part  II). Most groups used 
either a scaling approach to adjust the mean and variance of a predic-
tor composite to an instrumental target, or a regression-based tech-
nique to extract a common signal from the predictors using principal 
components or distance weighting (Table 1). Some of the heteroge-
neities among the regional temperature reconstructions might be due 
to differences in reconstruction methods, which may underestimate 
the amplitude of low-frequency variability differently10. Furthermore, 
differences between regional reconstructions may reflect differences 
in their reconstruction targets (‘land only’ versus ‘land and ocean’), 
proxy types and proxy-dating uncertainties. Temperature variability 
also differs between summer and annual reconstructions, although 
the two are correlated in meteorological records from our regions 
(mean r-value = 0.73 ± 0.08; Table 1). Screening proxy records based 
on their statistical similarity to an instrumental target, as was done 
for most regional reconstructions, can hamper interpretations that 
involve comparing the variability of temperature during the twenti-
eth century to that of earlier periods11. To address these issues, and to 

*A full list of authors and their affiliations appears at the end of the paper
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“Recent warming reversed the long-term cooling; during the period 
ad 1971–2000, the area-weighted average reconstructed temperature 
was higher than any other time in nearly 1,400 years.” 
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Timeseries summary
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Department of Earth Sciences 

Last Millennium Reanalysis

Credit: K. Anchukaitis (U. Arizona)

Using PAGES2k data with 
the state-estimation 

framework of Hakim et al, 
JGR-a, 2016



What makes  
Big Paleo happen?

Why 2k? 
• high density/variety of paleoclimate records 
• + documentary and archeological records 
•  unique time window to study societal 

response to climate 

Group members 
• Provide local knowledge and proxy expertise 
• Represent their community of specialists 
• Self-assembled in regional working groups 
• Ensure Global coverage

Group / publication leaders 
• Coordinate a group of collaborative researchers with focused objective 
• Provide avenues for genuine input at the level of a co-author 
• Communicate regularly with potential co-authors on the progress of the manuscript and timelines 

Network Coordinators 
• Work with PAGES IPO to organize the overall project 
• Communicate with group leaders and project participants 
• Facilitate and encourage new research directions
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Analysis
Visualization
Insight

Cloud

McKay & Emile-Geay, 
Clim Past 2016



Let us dream 



Paleoclimatology: The Next Wave



Objective 1:

Crowdsourcing  
Data Curation



The LinkedEarth Wiki
Gil et al, ISWC, 2017



The LinkedEarth Ontology

Ontology: a structured way of representing knowledge
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The LinkedEarth Ontology

FORMAT

Linked Paleo Data

McKay & Emile-Geay, Clim. Past, 2016

CONCEPT

Evans et al., QSR, 2013

ProxyArchive

ProxySensor

ProxyObservation

InferredVariable

Instrument

http://linked.earth/ontology#

(Ontology: a structured way of representing knowledge)

Emile-Geay et al, in prep



The LinkedEarth Ontology…

http://vowl.visualdataweb.org/webvowl/#iri=http://linked.earth/ontology

Allows: 
Formal Reasoning 
Inference 
Complex Queries
Quality Control

http://vowl.visualdataweb.org/webvowl/#iri=http://linked.earth/ontology


Querying the database

Live semantic query returns 59 datasets 
 (and counting)

http://wiki.linked.earth/Category:MarineSediment



Objective 2:

Developing Standards



Uploading and Annotating Datasets

Developing standards for the community 
by the community



Uploading and Annotating Datasets

Developing standards for the community 
by the community

Discussion Pages



Interactive Discussions



Uploading and Annotating Datasets

Working Groups

Discussion Pages

Developing standards for the community 
by the community





Objective 3:

Enabling Reproducible 
Workflows



Pyleoclim

Python: 
Fast, powerful, open, easy to learn

Basic Functionalities Advanced Functionalities

Mapping 
Plotting timeseries

Age Modeling 
Time-uncertain spectral analysis 

Wavelet Analysis 
PCA 

Climate Field Reconstruction



https://github.com/
LinkedEarth/
Pyleoclim_util

pip install pyleoclim

Easy-breezy Data Visualization



GeoChronR

R: 
Fast, powerful, open, easy to learn



GeoChronR project 
Time-uncertain data 

analysis training workshop
August 16-18, 2017 

Northern Arizona University 
Flagstaff, Arizona USA

Details at: 
linked.earth or nau.edu/mckay

http://linked.earth
http://nau.edu/mckay


LinkedEarth empowers field scientists to:

Curate their own datasets

Build data standards that work for them

Connect to cutting-edge analysis tools



Conclusions

1.  Modern (future) paleoscience requires integration
  datasets, models, people, scientific cultures

requires interoperable data; challenge = broad, not big, data. 

2.The glue is geoinformatics
  LinkedEarth: data container + ontology + semantically enabled platform
 Cutting-edge analysis come for free: GeoChronR, Pyleoclim

3. All this requires standardization 
 Formats: e.g. Linked Paleo Data (LiPD)
  Terminology: LinkedEarth Ontology + community practices
  HUGE ROLE FOR COMMUNITY



The Future Is Now

Thank you 
linkedearth@gmail.com

mailto:linkedearth@gmail.com

