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PAGES in FutureEarth
“The farther backward you can look, the farther forward you are likely to see”
Winston Churchill

• PAGES = Past Global Changes 
➡   PAGES = core project of Future Earth 

• Distributed collaboration 
➡  Unique data stewardship challenges (and opportunities) 
➡  Good laboratory for next generation paleoscience 
➡  We’ve made a lot of mistakes, so you don’t have to 



Why PAGES 2k?

1. Hughes’ First Law of Paleoclimatology
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2. Engage regional expertise

Why PAGES 2k?



3. Create an open, common, evolving 
community resource

Why PAGES 2k?
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assess the extent to which the choice of reconstruction method might 
influence our conclusions, we also applied uniform procedures to the 
same proxy data to generate three additional reconstructions from 
each region (Supplementary Note B); these are referred to as ‘alterna-
tive reconstructions’.

Our analysis of multi-decadal variability focuses on 30-year-mean 
temperatures (three calendar decades) and their standardized values 
(Fig. 2; Supplementary Database S2). This temporal resolution ena-
bles the inclusion of the 30-year-resolved pollen-based reconstruc-
tion from North America. Using standardized values circumvents 
regional differences in the magnitude of temperature variability, 
which depends on geographical factors and can be influenced by sea-
sonal biases in some proxies.

Millennial cooling
Over their respective record lengths, all regions experienced a long-
term cooling trend followed by recent warming during the twen-
tieth century, except Antarctica. Before ad  1900 (Supplementary 
Table S2 includes an analysis of regressions up to both ad 1900 and 
1850), the cooling trend is significant (P < 0.05; see Methods for sta-
tistical tests) in all regions except North America, where the cooling 
trend is weakly significant (P < 0.10) in the tree-ring reconstruction, 
and not significant in the pollen reconstruction. The regional rate of 
cooling varies between about 0.1 and 0.3 °C per 1,000 years. Since 
ad 1000 — the interval represented in all regions — the trends are 
also significant, except for Europe (P = 0.13). In general, the overall 
trends in the 30-year-averaged PAGES 2k Network reconstructions 
agree with those in the alternative reconstructions (Supplementary 
Table S2). They are also consistent with the cooling of global sea-
surface temperatures from years ad  1 to 1800 exhibited in the 
PAGES Ocean2k synthesis9.

The individual site-level proxy records were also analysed to deter-
mine the extent to which the long-term cooling trend is a common 
feature, an approach that is independent of the reconstruction proce-
dures. Generally, the longer the proxy record, the more likely it is to 
exhibit a significant long-term cooling trend (Fig. 3). For example, of 

Arctic Europe

Asia

South America

Australasia

Antarctica

North
America

Corals

Documentary Glacier ice Lake sediment Pollen

Instrumental Marine sediments Speleothems

Tree rings

Table 1 | Summary of continental-scale proxy temperature reconstructions used in this study.

 Region 
(area: 106 km2)

Time period 
(ad)

Proxy type (number) Reconstruction 
target

Annual–summer  
r value*

Reconstruction 
method†

Calibration  
r value‡

Major 
references

Arctic
(34.4)

1–2000 Lake sediments (22)
Ice cores (16)
Tree rings (13)
Marine sediments (6)
Documentary (1)
Speleothem (1)

Mean annual
Land & ocean

0.79 PaiCo 0.56 32 
18

Europe
(13.0)

1–2003 Tree rings (10)
Documentary (1)

Summer (JJA)
Land only

0.66 CPS 0.85 33 
19
34

Asia
(31.1)

800–1989 Tree rings (229) Summer (JJA)
Land only

0.71 PPR 0.52 35

North America
(12.5)

1204–1974
480–1950

Tree rings (146)
Pollen (4 eco-regions)

Mean annual
Land and ocean

0.68 PCSR
PCA

0.96§

0.56||
36 
37

South America
(20.0)

857–1995 Tree rings (15)
Instrumentals (4)
Ice cores (2)
Marine sediment (1)
Lake sediment (1)

Summer (DJF)
Land only

0.82 PCR/CPS 0.82 38

Australasia
(37.9)

1001–2001 Coral (13)
Tree rings (14)
Speleothem (1)

Warm season
(Sept–Feb)
Land and ocean

0.80 PCR 0.80 39

Antarctica
(34.4)

167–2005 Ice cores (11) Mean annual
Land only

0.62 CPS 0.60 40 
41

*Correlation between annual and summer (Jun–Aug or Dec–Feb) temperatures based on HadCRUT4, 1850–2012 and using land or land and ocean as per the reconstruction targets; correlation for Australasia is 
for the warm season (Sept–Feb). †See Supplementary Information; PaiCo, pairwise comparison; PCA, principal component analysis; PCR, Principal component reconstruction; PCSR, principal components spatial 
regression; CPS, composite plus scaling; PPR, point-by-point regression. ‡r and P values were calculated for the correlation between reconstructed values and target instrumental data using the seasons, calibration 
period, domains and gridded instrumental products specified for each region in the Supplementary Information. P-values for calibrations are all <0.001 as estimated by phase-randomization Monte-Carlo methods 
that capture the serial correlation structure of the time series (ref. 42). §Correlation for decadal mean reconstruction. ||Square root of the explained variance (R2) of the fit of decadal tree-ring-based reconstruction 
to regional pollen-based reconstructions (0.334) multiplied by R2 of the decadal tree-ring-based calibration itself (0.929); P-value not determined.

Figure 1 | The PAGES 2k Network. Boxes show the continental-scale 
regions used in this study. The pie charts represent the fraction of 
proxy data types used for each regional reconstruction. Supplementary 
Database S1 includes information about each study site and the proxy data 
for all time series used in the regional reconstructions.
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the 24 individual records from all regions that extend back to ad 1, 
20 have negative slopes between years ad 1 and 1900 (Supplementary 
Fig. S6), which is extremely unlikely to occur by chance (one-tailed 
sign test, P < 0.001). Of these, three-quarters of the slopes are statisti-
cally significant (P < 0.05). Of the 90 records that extend to ad 1000, 
54 have negative slopes (P < 0.03), over one-third of which are statisti-
cally significant (P < 0.05).

The regression analysis of the cooling trend is supported by tem-
perature differences at multi-centennial scales. The three longest 
reconstructions (Arctic, Europe and Antarctica) show higher tem-
peratures during the early centuries of the first millennium compared 
with those of the late (pre-twentieth) centuries of the second millen-
nium. Commensurate cooling occurred during the last millennium; 
for example, the first four centuries (ad  1000–1400) were warmer 
than the following four centuries (ad  1400–1800) in all regions, 
despite cooling that starts between ad 1200 and 1300 in the Arctic, 
Europe and Asia. The average temperature difference between the 
four-century intervals averaged over all the regions was about 0.1 °C, 
which is consistent with the underlying millennial-scale cooling trend 
(roughly –0.2 °C per 1,000 years).

Several studies have investigated the cause of cooling between 
the tenth and sixteenth centuries, suggesting a potential role of solar 
irradiance, volcanic activity, land-cover changes and orbitally driven 
insolation6,12–15. An ensemble of simulations performed with a climate 
model of intermediate complexity (Supplementary Note  C) shows 
that these four forcings are the dominant cause of the annual mean 
cooling trend simulated between ad 900 and 1850, with the relative 
contribution of each forcing varying among regions (Supplementary 
Table S4). The same forcings are likely to have played a similar role 

on a longer timescale that includes the entire first millennium. For 
example, some records of volcanic16 and solar17 activities (Fig.  4f) 
show significant long-term negative forcing over the last 2,000 years 
(Mann-Kendall trend test, P < 0.05). Furthermore, in the Northern 
Hemisphere mid to high latitudes, the millennial-scale cooling can 
be ascribed to an orbitally driven decrease in local summer insola-
tion, as suggested for the Arctic18 and northern Scandinavia19. In the 
Southern Hemisphere, a climate model of intermediate complexity 
simulates a multi-millennial cooling in summer as a delayed response 
to the decrease in local spring insolation, modulated by the thermal 
inertia of the Southern Ocean20.

Multi-decadal to centennial variability
Temperatures did not fluctuate uniformly among all regions, high-
lighting the regionally specific evolution of temperature at multi-
decadal to centennial time scales (Fig. 2). However, the period from 
around ad  830 to 1100 generally encompassed a sustained warm 
interval in all four Northern Hemisphere regions. In South America 
and Australasia, a sustained warm period occurred later, from around 
ad 1160 to 1370. In the Arctic and Europe, temperatures were rela-
tively high during the first centuries ad. Most other reconstructions 
are too short to infer temperatures before around ad 1000.

The transition to colder regional climates between ad 1200 and 
1500 is evident earlier in the Arctic, Europe and Asia than in North 
America or the Southern Hemisphere. Differences among regions 
could reflect non-forced variations involving the major modes of 
atmospheric variability21,22. By around ad  1580, all regions except 
Antarctica entered a protracted cold period. Apart from intervals of 
relative regional warmth, especially during the eighteenth century, 
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Figure 2 | Continental-scale temperature reconstructions. 30-year-mean temperatures for the seven PAGES 2k Network regions, standardized to have 
the same mean (0) and standard deviation (1) over the period of overlap among records (ad 1190–1970). North America includes a shorter tree-ring-
based and a longer pollen-based reconstruction. Dashed outlines enclose intervals of pronounced volcanic and solar negative forcing since ad 850 (see 
Methods). The lower panel shows the running count of number of individual proxy records by region. Data are listed in Supplementary Database S2.
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the 24 individual records from all regions that extend back to ad 1, 
20 have negative slopes between years ad 1 and 1900 (Supplementary 
Fig. S6), which is extremely unlikely to occur by chance (one-tailed 
sign test, P < 0.001). Of these, three-quarters of the slopes are statisti-
cally significant (P < 0.05). Of the 90 records that extend to ad 1000, 
54 have negative slopes (P < 0.03), over one-third of which are statisti-
cally significant (P < 0.05).

The regression analysis of the cooling trend is supported by tem-
perature differences at multi-centennial scales. The three longest 
reconstructions (Arctic, Europe and Antarctica) show higher tem-
peratures during the early centuries of the first millennium compared 
with those of the late (pre-twentieth) centuries of the second millen-
nium. Commensurate cooling occurred during the last millennium; 
for example, the first four centuries (ad  1000–1400) were warmer 
than the following four centuries (ad  1400–1800) in all regions, 
despite cooling that starts between ad 1200 and 1300 in the Arctic, 
Europe and Asia. The average temperature difference between the 
four-century intervals averaged over all the regions was about 0.1 °C, 
which is consistent with the underlying millennial-scale cooling trend 
(roughly –0.2 °C per 1,000 years).

Several studies have investigated the cause of cooling between 
the tenth and sixteenth centuries, suggesting a potential role of solar 
irradiance, volcanic activity, land-cover changes and orbitally driven 
insolation6,12–15. An ensemble of simulations performed with a climate 
model of intermediate complexity (Supplementary Note  C) shows 
that these four forcings are the dominant cause of the annual mean 
cooling trend simulated between ad 900 and 1850, with the relative 
contribution of each forcing varying among regions (Supplementary 
Table S4). The same forcings are likely to have played a similar role 

on a longer timescale that includes the entire first millennium. For 
example, some records of volcanic16 and solar17 activities (Fig.  4f) 
show significant long-term negative forcing over the last 2,000 years 
(Mann-Kendall trend test, P < 0.05). Furthermore, in the Northern 
Hemisphere mid to high latitudes, the millennial-scale cooling can 
be ascribed to an orbitally driven decrease in local summer insola-
tion, as suggested for the Arctic18 and northern Scandinavia19. In the 
Southern Hemisphere, a climate model of intermediate complexity 
simulates a multi-millennial cooling in summer as a delayed response 
to the decrease in local spring insolation, modulated by the thermal 
inertia of the Southern Ocean20.

Multi-decadal to centennial variability
Temperatures did not fluctuate uniformly among all regions, high-
lighting the regionally specific evolution of temperature at multi-
decadal to centennial time scales (Fig. 2). However, the period from 
around ad  830 to 1100 generally encompassed a sustained warm 
interval in all four Northern Hemisphere regions. In South America 
and Australasia, a sustained warm period occurred later, from around 
ad 1160 to 1370. In the Arctic and Europe, temperatures were rela-
tively high during the first centuries ad. Most other reconstructions 
are too short to infer temperatures before around ad 1000.

The transition to colder regional climates between ad 1200 and 
1500 is evident earlier in the Arctic, Europe and Asia than in North 
America or the Southern Hemisphere. Differences among regions 
could reflect non-forced variations involving the major modes of 
atmospheric variability21,22. By around ad  1580, all regions except 
Antarctica entered a protracted cold period. Apart from intervals of 
relative regional warmth, especially during the eighteenth century, 
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Figure 2 | Continental-scale temperature reconstructions. 30-year-mean temperatures for the seven PAGES 2k Network regions, standardized to have 
the same mean (0) and standard deviation (1) over the period of overlap among records (ad 1190–1970). North America includes a shorter tree-ring-
based and a longer pollen-based reconstruction. Dashed outlines enclose intervals of pronounced volcanic and solar negative forcing since ad 850 (see 
Methods). The lower panel shows the running count of number of individual proxy records by region. Data are listed in Supplementary Database S2.
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the 24 individual records from all regions that extend back to ad 1, 
20 have negative slopes between years ad 1 and 1900 (Supplementary 
Fig. S6), which is extremely unlikely to occur by chance (one-tailed 
sign test, P < 0.001). Of these, three-quarters of the slopes are statisti-
cally significant (P < 0.05). Of the 90 records that extend to ad 1000, 
54 have negative slopes (P < 0.03), over one-third of which are statisti-
cally significant (P < 0.05).

The regression analysis of the cooling trend is supported by tem-
perature differences at multi-centennial scales. The three longest 
reconstructions (Arctic, Europe and Antarctica) show higher tem-
peratures during the early centuries of the first millennium compared 
with those of the late (pre-twentieth) centuries of the second millen-
nium. Commensurate cooling occurred during the last millennium; 
for example, the first four centuries (ad  1000–1400) were warmer 
than the following four centuries (ad  1400–1800) in all regions, 
despite cooling that starts between ad 1200 and 1300 in the Arctic, 
Europe and Asia. The average temperature difference between the 
four-century intervals averaged over all the regions was about 0.1 °C, 
which is consistent with the underlying millennial-scale cooling trend 
(roughly –0.2 °C per 1,000 years).

Several studies have investigated the cause of cooling between 
the tenth and sixteenth centuries, suggesting a potential role of solar 
irradiance, volcanic activity, land-cover changes and orbitally driven 
insolation6,12–15. An ensemble of simulations performed with a climate 
model of intermediate complexity (Supplementary Note  C) shows 
that these four forcings are the dominant cause of the annual mean 
cooling trend simulated between ad 900 and 1850, with the relative 
contribution of each forcing varying among regions (Supplementary 
Table S4). The same forcings are likely to have played a similar role 

on a longer timescale that includes the entire first millennium. For 
example, some records of volcanic16 and solar17 activities (Fig.  4f) 
show significant long-term negative forcing over the last 2,000 years 
(Mann-Kendall trend test, P < 0.05). Furthermore, in the Northern 
Hemisphere mid to high latitudes, the millennial-scale cooling can 
be ascribed to an orbitally driven decrease in local summer insola-
tion, as suggested for the Arctic18 and northern Scandinavia19. In the 
Southern Hemisphere, a climate model of intermediate complexity 
simulates a multi-millennial cooling in summer as a delayed response 
to the decrease in local spring insolation, modulated by the thermal 
inertia of the Southern Ocean20.

Multi-decadal to centennial variability
Temperatures did not fluctuate uniformly among all regions, high-
lighting the regionally specific evolution of temperature at multi-
decadal to centennial time scales (Fig. 2). However, the period from 
around ad  830 to 1100 generally encompassed a sustained warm 
interval in all four Northern Hemisphere regions. In South America 
and Australasia, a sustained warm period occurred later, from around 
ad 1160 to 1370. In the Arctic and Europe, temperatures were rela-
tively high during the first centuries ad. Most other reconstructions 
are too short to infer temperatures before around ad 1000.

The transition to colder regional climates between ad 1200 and 
1500 is evident earlier in the Arctic, Europe and Asia than in North 
America or the Southern Hemisphere. Differences among regions 
could reflect non-forced variations involving the major modes of 
atmospheric variability21,22. By around ad  1580, all regions except 
Antarctica entered a protracted cold period. Apart from intervals of 
relative regional warmth, especially during the eighteenth century, 
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Figure 2 | Continental-scale temperature reconstructions. 30-year-mean temperatures for the seven PAGES 2k Network regions, standardized to have 
the same mean (0) and standard deviation (1) over the period of overlap among records (ad 1190–1970). North America includes a shorter tree-ring-
based and a longer pollen-based reconstruction. Dashed outlines enclose intervals of pronounced volcanic and solar negative forcing since ad 850 (see 
Methods). The lower panel shows the running count of number of individual proxy records by region. Data are listed in Supplementary Database S2.
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Shortcomings: 
1. Non-uniform data collection 
2. Relatively metadata-poor 
3. No oceans 
4. Global reconstruction
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Why data standards?Why data standards?

How have we for so long 
managed without data 

standards?

Going from “long tail” field investigations 
to Big Science requires unification 

(not sufficient, but necessary) 

Examples: genomics, astronomy,  
particle physics



The data



Premise behind LiPD: 
1. All paleorecords share common 

features, and allow for a common 
structure 

3. That structure must be flexible 

5. The data must be accessible 



chronData

LiPD
Dataset

v1.2

geospatial
metadata

publication
metadata

paleoData

funding
metadata

chronMeasurement
Table

chronModel 

ensemble
Table

summary
Table

distribution
Tablemethods

paleoMeasurement
Table

paleoModel 

ensemble
Table

summary
Table

distribution
Tablemethods



integration



integration



record #337: Eur-CentralEu.Buntgen.2011
created: 10-Dec-2015

200 400 600 800 1000 1200 1400 1600 1800 2000

-5

-4

-3

-2

-1

0

1

2

3

4

5

Year (CE)

tr
sg

i (
N

A
)

 

 
original

annualized

archiveType: tree

PAGES2k region: Eur

Authors: B�ntgen

Year: 2011, DOI: 10.1126/science.1197175

Measured Variable: trsgi

Units: NA

climateIntepretation: 

climateParameter: T

climateParameterDetail: air

Seasonality: Summer

Direction: positive

useInGlobalTemperatureAnalysis: TRUE

Proxy vs. MAT ( ρ
loc

 =   0.42) Proxy vs. JJA ( ρ
loc

 =   0.69) Proxy vs. DJF ( ρ
loc

 =  0.11)

Correlation
-0.5 -0.25 0 0.25 0.5



record #499: O2kLR-AlboranSea.Nieto-Moreno.2013
created: 10-Dec-2015

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

18.6

18.8

19

19.2

19.4

19.6

19.8

20

20.2

20.4

20.6

Year (CE)

te
m

p
e
ra

tu
re

 (
d
e
g
 C

)

 

 
original

annualized

archiveType: marine sediment

PAGES2k region: O2kLR

Authors: Nieto-Moreno, V.; Mart\u00ednez-Ruiz, F.; Willmott, V.; Garc\u00eda-Orellana, J.; Masqu\u00e9, P.; Sinninghe Damst\u00e9, J. S.

Year: �, DOI: 10.1016/j.orggeochem.2012.11.001

parameter: temperature

units: deg C

climateIntepretation: 

climateParameter: T

climateParameterDetail: sea_surface

Seasonality: Annual

Direction: positive

QC Notes: ?

 Calibration Information

calibration_equation: est. SST = (UK’37 - 0.044) / 0.033

calibration_reference: doi:10.1016/S0016-7037(98)00097-0

calibration_uncertainty: 1.5 deg C

calibration_uncertaintyType: RMSE

calibration_notes: MUE1998: T(sediments) = (Uk\u201937-0.044)/0.033, (M\u00fcller et al., (1998); global (60S-60N), 0-29\u00baC, annual at 0 m, n=370, R2=0.958)

Correlation to HR neighbors

Absolute correlation
0 0.2 0.4 0.6 0.8 1 500 1000 1500 2000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Distance (km)

A
b
so

lu
te

 C
o
rr

e
la

tio
n

Proximity Effect

# years of overlap

<50 50 to 150 150 to 500 >500



integration



integration



integration



integration



WHAT IS 
LINKED EARTH?

EarthCube “Integrated Activity”

- paleoclimate data crowd-curation platform 

- social enterprise to standardize paleoclimate data 

- enable (semantic) links between disciplines

LinkedEarth : springboard to better, easier 
paleoscience



THE TEAM

Nick McKay 
(NAU Earth)

Julien Emile-Geay 
(USC Earth)

Yolanda Gil
(USC ISI)

Deborah Khider (USC Earth) Varun Ratnakar (USC ISI)

(Community Liaison)

http://earthcube.org/group/linkedearth

Daniel Garijo (USC ISI)



The Future of Past Climates: Linked Earth 
and 21st century Paleoclimatology. 

GOALS1

Crowdsource data curation 
through a social-technical system to 
develop linked-data compliant standad 
for paleoclimate observations.

Develop social codes
 to process these datasets.

CONCEPT2

Data              Ontology          Entities            Workflows  
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The current state of the database 
(v 1.12.0)
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PAGES 2K network version 1.12.0 (683 records from 642 sites)

 

 

bivalve
borehole
coral
documents
glacier ice
hybrid
lake sediment
marine sediment
sclerosponge
speleothem
tree

200 400 600 800 1000 1200 1400 1600 1800 2000

0

100

200

300

400

500

600

700
Temporal Availability

# 
pr

ox
ie

s

Year (CE)

0

50

100

150

First Millennium



  80oS 

  60oS 

  40oS 

  20oS 

   0o  

  20oN 

  40oN 

  60oN 

  80oN 

 

 
a) Archive types
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b) Resolution
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Is it useful for understanding 
past temperature?
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ANNUAL: median correlations with HadCRUT4.2 MAT, r ≤ 2000 km
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NON−ANNUAL: median correlation with annual neighbors, r ≤ 2000 km
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GRID: HadCRUT4.2 MAT median correlations with proxies r ≤ 2000 km
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Does it capture the 20th century?



How about low-resolution records?  80oS 
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ANNUAL: median correlations with HadCRUT4.2 MAT, r ≤ 2000 km
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NON−ANNUAL: median correlation with annual neighbors, r ≤ 2000 km
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GRID: HadCRUT4.2 MAT median correlations with proxies r ≤ 2000 km
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High vs low resolution
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Lessons Learned 

1. Identify metadata
2. Structure metadata hierarchically
3. Selection criteria
4. Iterative data and metadata assimilation
5. Flexible scientific workflow



Thanks!

Write us! 
nick@nau.edu 

julieneg@usc.edu

mailto:nick@nau.edu?subject=
mailto:julieneg@usc.edu

