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Observational records are too short, and models are 
imperfect….



Multidecadal modulation of Atlantic Nino-ENSO linkages

Hounsou-Gbo et al. (2020)
Also see Rodrı́guez-Fonseca et al. (2009)

AMV+AMV- AMV-

ATL3
OND(0)

NINO3
OND(1)

ATL3
JAS(0)

NINO3
OND(0)

How robust are these 
relationships?



Johnson et al. (2020)

Atlantic-Pacific linkages in decadal variability

McGregor et al. (2014) 
Li et al. (2016)
Chikamoto et al. (2016) 
Kucharski et al. (2016)
Ruprich-Robert et al. (2017)

Meehl et al. (2020)

Pacific pattern is 
sensitive to trend 
removal methods

Deser and Phillips (2023)

?

How much are AMV 
and PDV related?



GFDL CM2.1, HadCM3, ECHAM5-OM1, CCSM2 & 3
Timmerman, Okumura et al. (2007) Various models’ response to 1Sv freshwater forcing

over the North Atlantic
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Impact of AMOC shutdown on Pacific mean climate and ENSO
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How does ENSO respond to AMOC 
shutdown?



What kinds of paleoclimate proxy records are available?
(seasonal-decadal temporal resolutions)



Corals
• δ18O (temperature/salinity), Sr/Ca, Mg/Ca (temperature)
• High resolution (monthly-annual)
• Low age uncertainty (< 1 yr)
• Relatively short (< 100 yrs)
• Limited availability in cool tropical oceans and before 1800

Speleothems
• δ18O (precipitation/temperature), Sr/Ca, growth rate 
• High resolution (sub annual)
• Age uncertainty (< ±50 yrs)
• Continuous records (can be > 1000 yrs)
• Seasonality in climate sensitivity
• Variable water transit time, growth hiatuses

Kim 
Cobb

Jud Partin

Main types of paleoclimate proxy records (tropics-mid-latitudes)



Tree rings
• Ring width, δ18O (temperature/precipitation)
• High resolution (sub annual-annual)
• Precise dates
• Continuous records (can be > 1000 yrs)
• Widespread distribution in mid-latitudes
• Inexpensive to produce records
• Seasonality in climate sensitivity
• Muted low-frequency variability due to detrending

Ice cores
• δ18O, δD (temperature)
• High resolution (annual)
• Age uncertainty (< ±50 yrs)
• Continuous records (> 1000 yrs)
• Limited to polar and high-elevation regions

Stock Image

Main types of paleoclimate proxy records (mid-latitudes-polar)



Ocean/lake sediment cores
• Various quantities & climate interpretations

For example,
o Chemical composition or abundance of planktonic 

organisms (temperature, salinity)
o Silt grain size (ocean bottom current)
o Titanium content (river discharge)

• Resolution depends on the sedimentation rates 
(annual-decadal sampling is possible)

• Fieldwork can be very expensive

Other potential high-resolution 
proxies
• Bivalves, coralline algae, and other biological 

proxies
• Borehole temperatures

Larry Peterson

Main types of paleoclimate proxy records



• Developed in collaboration with the CLIVAR TBI RF 
Paleoclimate Working Group

• Expert guidance to various topics and datasets  
• More new contents are under construction

Also, see a comprehensive review paper by Jones et al. 
(2009)

https://climatedataguide.ucar.edu/

Climate Data Guide (new paleoclimate section)



How many paleoclimate proxy records do we have?
(0-2000CE)



https://www.pangaea.de
/

https://www.ncei.noaa.gov/products/paleoclimatolog
y

Paleoclimate data archives at NOAA NCEI and PANGAEA



Available in the Linked Paleo Data format (readable in Python, MATLAB, and R) from NOAA NCEI’s paleoclimate data archive.
Other PAGES2k databases include SISAL (speleothem; Comas-Bru 2020) and Iso2k (δ18O & δD; Konecky et al. 2020)

Walter et al. (2023)

CoralHydro2k—Coral Sr/Ca & δ18O (SST & SSS)

PAGES2k databases

Emile-Geay et al. (2017)

PAGES2k—Temperature-sensitive proxies

tree

sediment
ice coral



Examples of AMV/TBI research using paleoclimate proxy 
records



Wang et al. 2017

Locations and weights of annual tree ring 
and ice core data used for AMV 

reconstruction

Reconstructed AMV index
Forced (solar+volcano+CO2)

Internal (residual)

Role of external forcing in AMV

e.g., Mann & Delworth (2000)
Knudsen et al. (2011)
Tung and Zhou (2013)

Potential role of anthropogenic aerosols
e.g., Booth et al. (2012), Si and Hu (2017), 

Bellomo et al. (2018)

No significant multidecadal peaks
e.g., Rahmstorf et al. (2015)

Shigh et al. (2018)



Thirumalai, Okumura et al. 
(2018)

Role of salinity in centennial Atlantic variability

SST and sea surface salinity (SSS) reconstructions based on
ocean sediment cores from the northern Gulf of Mexico

(Mg/Ca and δ18O of planktic foraminifer) 

r > 0

SSS and land precipitation correlations with 
the northern Gulf of Mexico SSS index

(ORA-S4 & GPCC, 1958-2013, >8yr)

fresh
wet

dry

○-sediment, △-speleothem, dashed box-tree, □-others
Colors indicate the sign of anomalies during the LIA

saline



r=0.60

r=0.49

r=0.15

Coralline algae Mg/Ca record from 
the Aleutian Islands (temperature proxy) r=0.87

Hetzinger et al. (2012)

Atlantic-Pacific linkage in decadal climate variability



Modern/fossil coral δ18O from offshore of Sumatra
(r=0.79 with Jul-Dec IOD index, 1982-2000)

Stronger IOD ßà Stronger ENSO

Abram et al. (2020)

Linkage between decadal modulation of ENSO and IOD



How well can we reconstruct modes of climate variability?



“Paleo-Spaghetti” (Henley 2017)

Porter et al. (2021)

Hernández et al. (2020)

These inconsistencies are likely to arise from different 
proxies and methods used for reconstruction.

Reconstructed AMV indices
Reconstructed PDV indices

Inconsistencies among reconstructions of climate modes



Is there a better method to reconstruct climate modes?
(paleoclimate reanalysis = proxy + model)



Dee et al. (2015)

Model data
↓
Pseudo-proxies

Proxies
X

Proxy system models



Last Millennium Reanalysis (LMR)
Hakim et al. (2016), Tardif et al. (2019)

544 proxies (temperature, seasonal-annual)
à 2-deg annual dataset for 0-2000CE

CCSM4 LM simulation

Dee et al. (2015)

Paleo Hydrodynamics Data Assimilation (PHYDA)
Steiger et al. (2018)

2978 proxies (hydroclimate, seasonal-annual)
à 2-deg annual/seasonal dataset for 0-2000CE

Both datasets are available from the NOAA NCEI’s 
paleoclimate data archive.

Paleoclimate data assimilation (offline)

Hakim et al. 
(2016) 



Li et al. (2011) suggest ENSO was stronger during LIA than MWP based on N American tree ring records

Dee, Okumura et al. (2020, GRL)

Distribution of Nino3.4 SD
in the LMR ensemble 

LIA
1400-1800 CE

MWP
950-1350 CE

LIA-MWP difference 
is not significant

LIA-MWP mean state change in LMR

?

ENSO during the Little Ice Age and Medieval Warm Period in 
LMR

El Nino teleconnection in 
LMRMWP

LIA

Increased sensitivity
of atmospheric
convection to 

ENSO SST anomalies



Singh et al. (2018)

Global mean temperature
r=0.97

weaker variability
larger uncertainty

Surface temperature regression 

Power spectra

No Atlantic ”multidecadal” variability in LMR

Emile-Geay et al. (2017)

Proxy availability

fewer proxies
No multidecadal

peaks



A way forward:
1) Mechanistic understanding of reconstruction skills



ENSO event detection skills of pseudo coral d18O records 
derived from observed SST and SSS data   

El Niño skill

La Niña skill

El Niño skill – La Niña skill

Hereid, Okumura et al. (2013)

Asymmetric skills of corals in detecting El Niño and La Niña



Lead-lag correlation with Nino3 & Nino4 
JJAENSO leads ENSO lags

MADA
EOF1 (15%)

MADA
EOF2 (10%)

Decaying El Nino

Developing La Nina

EOF analysis of Monsoon Asia Drought Atlas (MADA), 1300-1989
Summer PDSI reconstruction based on 327 tree rings (Cook et al., 2010)

Li et al. (2014)

ENSO phases embedded in tree ring data

Wet

Wet

Dry



Impact of SST seasonal cycle on coral chronology
X-ray image of a coral 

sample 
and Sr/Ca (∝-SST) time 

series

With
chronological 
uncertainty

Comparable skills in capturing 
ENSO amplitude changes

Lawman et al. (2020)

Vanuatu
(SW Pacific)

±1
σ

Sr/Ca max = Climatological coolest month

Sr/Ca min = Climatological warmest month

Interpolate to 
evenly-spaced 
monthly values

Kiritimati
(C Eq Pacific)

±1σ

Large 
uncertaint

y

20-yr running σ correlation between Nino3.4 
index and pseudo-coral δ18O in CESM1 control 

run

Without 
chronological 
uncertainty

Vanuatu

Kiritimati



A way forward:
2) Obtain more proxies from key regions & periods



IPCC AR6 (2021)

Fast-growing coral species (Porites) commonly used for 
paleoclimate reconstructions do not typically live more than a few 

hundred years. 
Most fossil coral records are also short (~30 yrs on average).

Lack of tropical proxy records in cool tropical oceans and before 
1800

Lack of direct evidence of forced ENSO changes
(See a review by Lu et al. 2018)

Walter et al. (2023)

Some 
fossil 
corals

7,000

Last Glacial
Maximum

Younger
Dryas

Heinrich
Stadial 1

8.2kyr
event

No corals



Rob Domeyko
(student)

Australian Plate

Pacific Plate

+6 mm/yr (120 m/20kyr)

Taylor et al. (2005)

Fossil corals from Vanuatu—Evidence for forced ENSO changes

Fred Taylor

Ultra-portable drill developed by Eddie Wheeler/Tech-2000

CESM1 timeslice simulations
(originally conducted by P. DiNezio)

Yuko Okumura

Jud Partin
(lead PI)

AGS-2103078

Vanuatu

Lawman et al. (2020)

How does the non-stationarity of 
ENSO pattern affect the coral 
skills?



• Paleoclimate proxy data has the potential to address many important 
science questions related to AMV/AMOC and TBI

• Recent compilations of PAGES2k databases and reanalysis products make 
paleoclimate proxy data more accessible

• Available reconstructions of climate modes poorly agree with each other to 
derive robust conclusions about the nature of variability

• To move forward, we need to better understand climate processes affecting 
various proxy records and develop robust methods for reconstruction

• We also need to enhance both spatial and temporal coverage of high-
resolution proxy records, particularly in the tropical Atlantic and eastern 
Pacific and before 1800

These efforts require close collaborations between climate dynamics/modeling 
and paleoclimate research communities

Summary



Pseudoproxies = Model output + Noise

Calibration & Reconstruction

Application to climate mode reconstructions
NAO—Ortega et al. (2015)

ENSO—Batehup et al. (2015)
IPO—Henke et al. (2017)

ENSO, PDV, AMV—Midhun et al. (2020)

Climate Model Data


