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Abstract

Recent advances in proxy-model data assimilation have made feasible the develop-
ment of proxy-based reanalyses. Proxy-based reanalyses aim to make optimum use
of both proxy and model data while presenting paleoclimate information in an acces-
sible format – they will undoubtedly play a pivotal role in the future of paleoclimate5

research. In the Paleoclimate Reanalysis Project (PaleoR) we use “off-line” data as-
similation to constrain the CESM1 (CAM5) Last Millennial Ensemble (LME) simulation
with a globally distributed multivariate proxy dataset, producing a decadal resolution
reanalysis of the past millennium. Discrete time periods are “reconstructed” by using
anomalous (±0.5σ) proxy climate signals to select an ensemble of climate state ana-10

logues from the LME. Prior to assimilation the LME simulates internal variability that is
temporally inconsistent with information from the proxy archive. After assimilation the
LME is highly correlated to almost all included proxy data, and dynamical relationships
between modelled variables are preserved; thus providing a “real-world” view of cli-
mate system evolution during the past millennium. Unlike traditional regression based15

approaches to paleoclimatology, PaleoR is unaffected by temporal variations in tele-
connection patterns. Indices representing major modes of global ocean–atmosphere
climate variability can be calculated directly from PaleoR spatial fields. PaleoR de-
rived ENSO, SAM, and NAO indices are consistent with observations and published
multiproxy reconstructions. The computational efficiency of “off-line” data assimilation20

allows easy incorporation and evaluation of new proxy data, and experimentation with
different setups and model simulations. PaleoR spatial fields can be viewed online at
http://climatefutures.mq.edu.au/research/themes/marine/paleor/.
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1 Introduction

Reanalyses combine meteorological observations and numerical model simulations to
produce a realistic estimate of the state of the system, in recent decades they have
revolutionised the way in which weather and climate research are conducted (e.g. Dee
et al., 2011; Kalnay et al., 1996). Extending reanalyses back in time has been a major5

research focus (e.g. Compo et al., 2011). However, observational data scarcity prior to
the 20th century is the limiting factor. Without the benefit of “real-world” data, model
simulations of past climate cannot be expected to match the temporal evolution of
the climate system (Bengtsson et al., 2006). Therefore, efforts to understand “real-
world” climate variability over longer timescales must rely on climate signals preserved10

in proxy records such as ice cores and tree rings. A paleoclimate reanalysis could
potentially make optimum use of proxy and model data while presenting paleoclimate
information in an accessible format suitable for a wide range of research applications.

However, extracting coherent climatic signals from spatially dispersed multiproxy
data is a non-trivial exercise plagued by high uncertainties and methodological chal-15

lenges (Ammann and Wahl, 2007; Jones et al., 2009; Mann et al., 2005; Smerdon et al.,
2013). For example, traditional approaches that look for a common signal amongst
multiple proxy records are often based on the false assumption that covariance re-
lationships remain stable through time (Gallant et al., 2013; Li and Smerdon, 2012);
they also have difficulty incorporating data representing multiple climatic variables and20

seasonal sensitivities. Furthermore, variational assimilation schemes used in meteo-
rological reanalysis, such as NCEP1 and ERA-Interim, are unsuitable for sparse low-
resolution paleoclimate data (Widmann et al., 2010). Nevertheless, recent advances
in proxy-specific data assimilation techniques have addressed many of these issues
(Bhend et al., 2012; Franke et al., 2010; Goodwin et al., 2013, 2014; Goosse et al.,25

2006; Graham et al., 2007; Hakim et al., 2013; Schenk and Zorita, 2012; Steiger et al.,
2013; Widmann et al., 2010) and made feasible the development of proxy based cli-
mate reanalysis.
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Proxy data assimilation can occur at model runtime (on-line) or can be applied to
existing model simulations (off-line). One of the major constraints associated with “on-
line” assimilation is the high computational cost of running millennial length or longer
simulations, leading to the use of simplified models (e.g. Goosse et al., 2010). It has
been shown that in many situations runtime assimilation is not really necessary or ad-5

vantageous (Bhend et al., 2012). “Off-line” proxy data assimilation significantly reduces
computational demands and provides the opportunity to utilize existing high-resolution
climate model simulations (Steiger et al., 2013).

This article describes our efforts at developing a globally relevant paleoclimate re-
analysis (hereafter referred to as PaleoR) of the past 1200 years at decadal resolution.10

We employ the “off-line” data assimilation scheme described in Goodwin et al. (2013,
2014) where it was used to investigate atmospheric circulation patterns during the Me-
dieval Climate Anomaly. Whereas Goodwin et al. (2013, 2014) used only Southern
Hemisphere proxy data and a 10 000 year unforced simulation from the low resolution
CSIRO Mk3l model, this paper employs a globally distributed multivariate proxy dataset15

and the recently released CESM1 (CAM5) Last Millennial Ensemble simulation (Otto-
Bliesner et al., 2015). The paper is structured as follows: Sect. 2 describes the proxy
dataset, model data and the assimilation scheme; Sect. 3 evaluates PaleoR using 3
complementary approaches; Sect. 4 discusses advantages, limitations and planned
improvements to PaleoR; and Sect. 5 provides some concluding remarks.20

2 Methods

The multivariate data assimilation (MDA) approach used to develop PaleoR is de-
scribed below and in Goodwin et al. (2013, 2014) and Browning (2014). MDA recon-
structs discrete time periods by using information from a multivariate suite of proxy data
to select climate state analogues from an existing AOGCM simulation.25
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2.1 Proxy dataset

The multivariate proxy dataset includes individual proxy records, published reconstruc-
tions, and regional multiproxy reconstructions (Fig. 1 and Table A1). Proxy screening as
applied in many paleoclimate reconstructions (e.g. Cook et al., 1999) is not required for
MDA as there is no prerequisite for covariability. Proxy data of varying temporal resolu-5

tions are accommodated, including records representing discrete time periods; Fig. 1b
shows the mean temporal resolution of all included proxy data at each timestep. Most
proxy records contain a component of chronological uncertainty that increases back
in time; this is partially reflected by a corresponding decrease in temporal resolution
(Fig. 1b). In recognition of this uncertainty PaleoR is currently executed at decadal10

resolution. For each discrete decadal time period proxy climatic signals are calculated
using 10 year means post 1400 AD and running 20 year means prior to 1400 AD. To
facilitate the inter-comparison of proxy data representing different variables, all decadal
data are normalized relative to the 1300–2000 AD long-term mean. Most proxy records
contain a component of non-climatic “noise” resulting a relatively high signal-to-noise15

ratio when compared with observational data. To account for this, each decade is re-
constructed independently, using only proxies displaying an unambiguous climatic sig-
nal: defined as the decadal mean exceeding ±0.5σ. Figure 1b shows the number of
proxy records included in the assimilation each time step. The normalized values for
each retained proxy are combined into a vector (P ) for each time period.20

2.2 Model dataset

The model dataset used for PaleoR is the CESM1 (CAM5) Last Millennium Ensem-
ble (Otto-Bliesner et al., 2015), hereafter referred to as LME. LME uses a ∼ 2 ◦ atmo-
sphere and ∼ 1 ◦ ocean and sea ice version of CESM1-CAM5. The LME consists of
10×1156 year simulations spanning 850 to 2005 AD. All simulations are forced with re-25

constructions of solar intensity, volcanic emissions greenhouse gasses, aerosols, land
use conditions and orbital parameters. For additional details on the LME setup and
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evaluation see Otto-Bliesner et al. (2015). Prior to assimilation both model and proxy
data must be in a comparable format. Therefore, in the assimilation algorithm model
data are represented by an array of normalized annual mean timeseries (S) derived
from the same locations and from the equivalent modelled climate variables as the
proxy records in P . All proxy data are calibrated to modelled temperature, precipita-5

tion, sea surface temperature (SST), or sea-level pressure (SLP) based on previously
published interpretations (Table A1). To account for seasonality, annual means are cal-
culated from the seasons of proxy sensitivity.

2.3 Assimilation

The MDA approach reconstructs discrete time periods by searching the model data for10

climate state analogous to the combined signal from all included proxy data (Goodwin
et al., 2013, 2014). Each year of the LME represents an individual multivariate real-
ization of a physically plausible climate state. In this respect the interannual temporal
continuity of the LME can be discarded, thereby giving an effective ensemble size of
11 560 members. Individual ensemble members analogous to the proxy inferred cli-15

mate states for each time period are identified by calculating the Euclidean distance
between the normalized proxy data (P ) and the normalized model data (S1−n) as de-
scribed by Eq. (1):

Dn =
∑
|P i −Sni | (1)

P is a vector (width= i ) of normalized proxy values, where each element represents the20

climatic signal (temperature, precipitation, SST, or SLP) from a single proxy record or
reconstruction during the designated time period. S is an array of timeseries (length =
n, width = i ) derived from the LME at the equivalent locations and climate variables as
the elements of P . Each column of S1−i corresponds to each element of P 1−i , and each
row of S1−n represents one year (ensemble member) of the LME. Dn is the Euclidean25

distance between P and each ensemble member (n), where Dn = 0 would indicate
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a perfect match. D1−n is a measure of the total difference between all elements of P
and S1−n. Therefore, the minima of D1−n represent ensemble members that are the
best matching analogues (BMA) for the climate state described by the multivariate
proxy dataset (P ) and are used to define each time period.

In numerical weather forecasting it is common practice to take an ensemble mean5

and use the ensemble spread to estimate uncertainty: where the ensemble spread is
large, uncertainty is increased. This is also the case in the development of re-analysis
products such as the 20th Century Reanalysis (20CR), where the climate state is de-
fined by the mean of a 56-member ensemble and uncertainty is estimated from the
ensemble spread (Compo et al., 2011). A similar approach is also adopted for PaleoR,10

where the reconstructed climate state is defined by the ensemble mean of the 50 BMA
and ensemble spread provides one estimate of uncertainty. Using 50 BMA is found to
provide the optimal balance between including contributions from the maximum num-
ber of proxy records while minimizing the mean Euclidean distance. 50 BMA also pro-
vides a large enough sample size to calculate statistical significance (Browning, 2014;15

Goodwin et al., 2013).
Modelled climate variables can be resolved by compositing the 50-BMA ensem-

ble; as all modelled variables are dynamically consistent, theoretically any modelled
variables can be calculated. However, at present we are utilizing only variables with
a mechanistic relationship to the multiproxy dataset: air temperature, precipitation, SST,20

SLP, and winds. Anomalies are calculated relative to the full LME and therefore rep-
resent deviations from the modelled past millennial climate, not the observed modern
climate.

2.4 Evaluation

We evaluate the skill of the MDA using 3 complementary approaches: (1) comparison25

with the included proxy data; (2) pseudoproxy based “reconstruction” of a known cli-
mate; and (3) calculation of major modes of global climate variability and comparison
with equivalent previously published multiproxy reconstructions.
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2.4.1 Comparison with proxy data

The first evaluation tests the skill of MDA in creating a climate dataset that is consistent
with the included proxy data. This can be tested by directly comparing PaleoR with
the multiproxy dataset; PaleoR should also show a considerable improvement when
compared to a transient simulation of the same time period without data assimilation.5

The experimental setup is relatively straightforward and consistent with a similar com-
parison performed by Goosse et al. (2006). An array of synthetic proxy records are
extracted from PaleoR – at the same locations and from the equivalent climate vari-
ables as the proxy records – and compared with the original proxy records (decadally
averaged). To compare against the null-case, of no data assimilation, the proxy records10

are also compared to the LME (mean of the 10 ensemble members) without data as-
similation.

2.4.2 Pseudoproxy evaluation

The second evaluation tests the skill of MDA in reconstructing global patterns of vari-
ability given the spatial distribution of the proxy dataset. This test uses pseudoproxy15

data to evaluate the skill of MDA at reconstructing the known climate of a model sim-
ulation using a synthetic proxy network (Jones et al., 2009; Mann et al., 2007). The
known climate is a single ensemble member of the LME: LME01. Pseudo proxies are
derived from LME01 using the same locations and equivalent variables as the proxy net-
work listed in Table A1. A signal to noise ratio of 0.33 is added to each pseudo proxy to20

simulate real-world uncertainty (Bhend et al., 2012). The 1156 year LME01 simulation
is then “reconstructed” at 10 year resolution using the MDA approach to select climate
state analogues from the remaining 9 LME members, based only on the climate signals
from the pseudoproxy network – effectively producing a pseudoproxy based PaleoR
(PaleoRpseudoproxy). Grid point correlations (Pearson’s r) for selected variables are then25

used to evaluate the similarity between LME01 and PaleoRpseudoproxy.
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2.4.3 Comparison with existing multiproxy reconstructions

The third evaluation examines PaleoR as a tool for investigating multiple large-scale
components of the climate system. Indices representing the major modes of global cli-
mate variability: El Niño Southern Oscillation (ENSO), Southern Annular Mode (SAM),
and the North Atlantic Oscillation (NAO) are calculated directly from PaleoR spatial5

fields in much the same way as they are typically calculated from model or reanalysis
data. Each index is compared to previously published multiproxy reconstructions and
equivalent indices calculated from observational-based data. As PaleoR is at decadal
resolution, robust comparisons with observational records are difficult due to the limited
temporal overlap and reduced degrees of freedom associated with decadally averaged10

data.
ENSO is the leading coupled ocean–atmosphere mode of global climate variabil-

ity (e.g. Trenberth et al., 2005). A PaleoR ENSO index is calculated from SSTa in the
Niño 3.4 region (after Trenberth, 1997) and compared with two recent multiproxy ENSO
reconstructions (Emile-Geay et al., 2013b; McGregor et al., 2010) and an equivalent15

index derived from HadISST (1870–2012). During the late 20th century SAM has been
the leading mode of atmospheric variability (Trenberth et al., 2005). A PaleoR SAM
index is calculated as the leading Empirical Orthogonal Function (EOF) of Southern
Hemisphere sea-level pressure between 20 to 82◦ S using the approach of (Visbeck
and Hall, 2004), and compared with two recent multiproxy reconstructions (Abram20

et al., 2014; Villalba et al., 2012) and an equivalent SAM index calculated from the
20CR (1871–2012). However, it must be stressed that there is considerable uncer-
tainty as to the state of the SAM prior to ∼ 1950 due to lack of observational data (Ho
et al., 2011). The NAO is the dominant mode of atmospheric variability in the North
Atlantic region (Hurrell, 1995). A PaleoR NAO index is calculated as the leading EOF25

of Northern Hemisphere sea-level pressure between 20 to 80◦N and 90◦W to 40◦ E
(after Hurrell, 1995), and is compared with two recent multiproxy reconstructions (Or-
tega et al., 2015; Trouet et al., 2009) and the published NCAR EOF based NAO index
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(NCAR 2015). In each case the climate indices are first calculated from the unassimi-
lated LME. Index values for each time period are then calculated from the mean of the
50-BMA, the ensemble spread providing one estimate of uncertainty.

3 Results

3.1 Comparison with proxy data5

Figure 2a shows strong agreement between PaleoR and the proxy archive, with corre-
lations exceeding 99 % significance at most locations. However, there are some records
and some time periods that do not agree. In these situations the climate signal from the
proxy in question, when evaluated against all other proxies, contains a signal that is not
consistent with any of the modelled climate states. This can occur because of either10

errors in proxy dating or climatic interpretation, or the LME dataset does not contain
a complete sample of all past millennium regional climate states. Comparison between
the unassimilated LME ensemble mean and the proxy archive shows reasonably good
correspondence, however only a few correlations exceed 99 % significance (Fig. 2b) –
similar results are observed when individual LME ensemble members are used. The15

mean correlation value (absolute r) calculated across all proxy records for PaleoR is
r = 0.6 (n = 115, p = 0.03) compared with r = 0.19 (n = 115, p = 0.3) for the unassim-
ilated LME ensemble mean. LME provides a realistic simulation of internal climate
variability that is temporally inconsistent with most proxy evidence. By incorporating
proxy data using MDA, PaleoR presents a more realistic evolution of climate system20

internal variability – as defined by proxy data – than does the unassimilated LME.

3.2 Pseudoproxy experiment

Figure 3 shows grid point correlations between PaleoRpseudoproxy and LME01 SLP, air
temperature, SST, and precipitation over 1156 model years at 10 year resolution; it
provides an indication of the skill of the MDA approach when applied to the LME, given25
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the available proxy data network (Fig. 1; Table A1). PaleoR spatial fields, based on
real proxy data, should be interpreted with most confidence in the regions indicated
by significant positive correlations (r > 0.25, p < 0.01, n = 115; indicated by stippling in
Fig. 3). PaleoRpseudoproxy skill appears to be closely related to proxy data availability.
Overall performance is best in regions with the highest density of proxy data, such as5

the Pacific Northwest, Western Europe, Australia-New Zealand and the South America-
Antarctic Peninsular sectors.

PaleoRpseudoproxy successfully reconstructs SLP over the Antarctic (regional mean
r = 0.59) and most of the Southern Hemisphere mid-latitudes (regional mean r = 0.43)
giving confidence to the PaleoR based SAM index. Confidence is lower in the Northern10

Hemisphere, with lower correlation values over central North America (regional mean
r = 0.27) and Eurasia (regional mean r = 0.26) where proxy data density is limited.
Correlation values are slightly higher over the North Atlantic region (regional mean
r = 0.4), where there is a greater density of proxy data, giving some confidence to the
PaleoR NAO index presented in Sect 2.5.3. Air temperature is well reconstructed over15

most areas with a global mean of r = 0.46. SST fields appear to be well reconstructed
in the Pacific (regional mean r = 0.56), Indian (regional mean r = 0.48) and Atlantic
(regional mean r = 0.51) ocean basins. Strong SST correlations in the central Pacific
give confidence to the PaleoR based Niño 3.4 SST index. Precipitation fields show
the least confidence (global mean r = 0.25) and appear to be only valid close to the20

proxy locations, possibly due to way in which localised precipitation is represented in
the model.

Direct translation of the pseudoproxy experiment results into uncertainty estimates
for PaleoR is not straightforward, however they do provide a valuable framework for
methodological refinement and qualitative interpretation. Because of this, quantitative25

error estimates are based on the 50-BMA-ensemble spread, similar to the approach
used in weather forecasting and observational reanalyses. The pseudoproxy experi-
ment results should therefore be viewed as a qualitative supplement to the ensemble
spread when assessing PaleoR confidence.
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3.3 Climate index comparison

The objective of this section is to demonstrate that PaleoR can be used to investi-
gate behaviour in the primarily global modes of atmosphere–ocean variability and pro-
vides an alternative to traditional paleoclimate methods that look for a common signal
amongst multiple proxy records. PaleoR derived indices of Niño 3.4 SST, SAM and5

NAO are compared to equivalent indices developed using traditional approaches. All
of the comparison indices were constructed by finding a common signal amongst mul-
tiple records that is statistically correlated to the target index over the observational
period. As part of this process, proxy records that do not co-vary over the length of
the reconstruction are discarded. For example Ortega et al. (2015) were forced to dis-10

card > 80 % of their initial proxy dataset due to non-covariance. This practice discards
valuable information, particularly if the time periods of non-covariance represent non-
canonical behaviour of the index in question. ENSO indices provide an excellent exam-
ple, as there is now a large body of work devoted to understanding different “flavours” of
ENSO (e.g. Ashok et al., 2007; Newman et al., 2011) and their different teleconnection15

responses (e.g. Graf and Zanchettin, 2012).
The PaleoR indices presented here are calculated from actual modelled SST or SLP

data. Climate signals at the locations from which they are derived are linked to proxy
climatic signals via the dynamic equations of state used to drive the model. As long
as the LME can simulate non-canonical behaviour, PaleoR indices are unaffected by20

changes in teleconnection patterns. In contrast, the comparison indices are a statistical
representation of covariance between multiple records that, over the calibration period
are correlated to the target index. This a priori requirement for covariance ensures
traditional approaches cannot resolve variability that lies outside the range of modern
observations. When comparing PaleoR indices with previous work it is important to25

keep in mind the different methodologies. Time periods when PaleoR differs from the
comparison indices are likely to represent periods of non-canonical behaviour in the
major modes, which can be further investigated using PaleoR spatial fields.
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3.4 ENSO reconstructions

Figure 4a shows a moderate to strong correlation between the Niño 3.4 SST indices de-
rived from PaleoR and HadISST (r = 0.6, p = 0.02, n = 14). There is also good agree-
ment between the PaleoR Niño 3.4 and the McGregor et al. (2010) Unified ENSO Proxy
(UEP) (r = 0.6, p < 0.01, n = 33). The UEP is derived from a common signal in several5

published ENSO reconstructions and is representative of Pacific decadal variability; it is
not a specific SSTa reconstruction per se, but represents a general evolution of ENSO
related variability as interpreted from proxies both central to Niño 3.4 and from telecon-
nected regions over the past 350 years. The two ENSO reconstructions do share some
proxy records, however they are developed from fundamentally different approaches.10

Emile-Geay et al. (2013) recently published a longer Niño 3.4 reconstruction dating
back to 1150 AD, including a range of proxy evidence from central Pacific and telecon-
nected regions. Overall the PaleoR Niño 3.4 is moderately correlated to the Emile-Geay
et al. (2013) Niño 3.4 (r = 0.42, p < 0.01, n = 85). The two reconstructions appear to
be in excellent agreement from 1150 to 1300 AD; however, they differ considerably15

during several more recent periods, including 1400 to 1550 AD. For example, strong El
Niño signals in 1590 AD and 1840 AD are not captured in the Emile-Geay et al. (2013)
Niño 3.4, whereas the 1840 AD event is prominent in both the UEP and PaleoR recon-
structions. Differences are likely due to both proxy data selection and the Regularized
Expectation (RegEM) method used by Emile-Geay et al. (2013a).20

All three ENSO reconstructions are in general agreement, however PaloeR provides
the added advantage of resolving dynamically consistent spatial patterns of coupled
ocean–atmosphere variability beyond the Niño 3.4 region. Figure 5 shows an example
of SST and SLP anomalies for positive and negative Niño 3.4 index periods. The spatial
SST anomaly structure and extratropical atmospheric teleconnections associated with25

canonical ENSO are broadly consistent with observations: in the North Pacific there
is a strengthening (weakening) of the Aleutian Low under El Niño (La Niña) condi-
tions (Bjerknes, 1966, 1969; Lau, 1997); and in the South Pacific there is a weakening
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(strengthening) of the Amundsen Sea low under El Niño (La Niña) conditions (Mo and
Higgins, 1998; Turner et al., 2013). This is expected, as the MDA approach preserves
dynamical linkages between modelled climate variables.

3.5 Southern annual mode reconstructions

Figure 4b shows a moderate to strong correlation between SAM indices derived from5

PaleoR and the 20CR (r = 0.72, p < 0.01, n = 14). There is a moderate to strong cor-
relation between the PaleoR SAM and the Villalba et al. (2012) SAM reconstruction
(r = 0.62, p < 0.01, n = 60) despite being derived from different methodologies and
mostly different proxy networks: although there are some individual proxies common to
both. The PaleoR SAM is also moderately correlated to the longer Abram et al. (2014)10

SAM reconstruction (r = 0.52, p < 0.01 n = 101); the two indices agree on a general
strengthening since 1400 AD, however they disagree during many decades prior to
1400 AD.

Both the Villalba et al. (2012) and Abram et al. (2014) SAM reconstructions are cal-
culated from the common signal in warm season proxies. PaleoR SAM accommodates15

proxies sensitive to both summer and winter climate variability and is also correlated
to the early winter SAM reconstruction of Goodwin et al. (2004) (r = 0.47, p < 0.01,
n = 100). Although this relationship is expected as the Goodwin et al. (2004) SAM re-
construction is based only on the Law Dome Sea Salt record, that is included in PaleoR
(Fig. 1; Table A1).20

Reconstructing SAM from midlatitude proxies can be challenging, as teleconnec-
tions between SAM and some midlatitude regions can breakdown or reverse depend-
ing on the influence of the tropical pacific (Fogt and Bromwich, 2006). Traditional pa-
leoclimate reconstruction techniques that look for a common signal amongst multiple
records struggle to accommodate changing teleconnection patterns and seasonal bi-25

asa. PaleoR is unaffected by these issues, the second EOF of PaleoR SLP resembles
the Pacific South America pattern (Mo and Ghil, 1987) and is highly correlated to the
PaleoR Niño 3.4 index (Goodwin et al., 2013). PaleoR is therefore able to resolve tem-
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poral variations in the nature of mid to high latitude teleconnection patterns and their
influence on the SAM (Goodwin et al., 2013).

3.6 North Atlantic oscillation reconstructions

Figure 4c show the PaleoR NAO is broadly consistent with the observational NCAR
NAO index (r = 0.54, p = 0.09, n = 11). There is a moderate correlation between the5

PaleoR NAO the recent Ortega et al. (2015) NAO index (r = 0.48, p < 0.01, n = 92).
However, PaleoR NAO is only weakly correlated to the Trouet et al. (2009) NAO index
(r = 0.23, p = 0.03, n = 95). All three NAO reconstructions are in general agreement
for most multidecadal periods, such as positive NAO during the early Medieval Climate
Anomaly (MCA) at ∼ 1150 AD and negative NAO during the early Little Ice Age at10

1550 to 1600 AD. However, they differ considerably during other periods, such as the
late MCA, post ∼ 1250 AD, when PaleoR does not simulate a persistent positive NAO.

The NAO has strong climatic linkages with many global regions (e.g. Hurrell and
Deser, 2009); therefore the state of the NAO should be consistent with proxy signals
from many parts of the Northern Hemisphere. The PaleoR is highly correlated to most15

proxy data from the North Atlantic region so it should provide a robust estimate of past
NAO behaviour, irrespective of variations in teleconnection patterns. A detailed inves-
tigation into the NAO behaviour over the past millennium is beyond the scope of this
paper. However, PaleoR resolves full spatial fields that can be used to better elucidate
the nature of past climatic changes; as an example, Fig. 5 shows SLP patterns for both20

positive and negative phases of the NAO index.

4 Discussion

PaleoR was designed first and foremost to be a paleoclimate research application; in
this respect we did not design the PaleoR as a static dataset, rather as experimental
tool that can be easily tailored to specific research objectives. This section discusses25
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some of the advantages and limitations of the current PaleoR version. We also identify
several areas where modifications to the current approach might be expected yield
improvements in future versions.

4.1 Advantages

PaleoR is developed using a relatively simple MDA approach that is computationally5

efficient and can be readily applied to existing model simulations. To-date we have ex-
perimented with simulations from Mk3L (Goodwin et al., 2013, 2014), CM21, CCSM4,
GISS, HadCM3 and MIROC-ESM. Unfortunately most of the CMIP5 past millennium
simulations contain too few ensemble members to provide a large enough ensemble
for analogue selection. LME was chosen for this version due to the high resolution,10

realistic forcing and large available ensemble. After initial setup, a 1000 year reanaly-
sis at decadal resolution without figure production can be calculated in less than one
minute on a standard laptop computer. The minimal computation demands of “off-line”
verses “on-line” data assimilation allow easy experimentation with various setups. The
proxy dataset is organized as recommended by Emile-Geay and Elsham (2013) allow-15

ing easy modification of included proxy data and easy inclusion of new records as they
become available. The assimilation can also be run at varying temporal resolutions in
order to take full advantage of proxy chronological confidence without running the risk
of over-interpretation.

As a tool for researching long term climate variability, data assimilation approaches20

in general represent a significant improvement on traditional principle component re-
gression (PCR) approaches (Bhend et al., 2012) that are still considered industry stan-
dard (PAGES, 2013). One fundamental problem with PCR reconstructions applied over
large spatial domains is that they require temporal stability in teleconnection relation-
ships; this does not usually occur in the climate system (Gallant et al., 2013). The25

MDA approach used to develop PaleoR accommodates non-stationarity by using only
the climatic signal at each proxy’s location to select analogues from the LME ensem-
ble. MDA accommodates both continuous and non-continuous proxy records and per-
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mits the simultaneous evaluation of proxies representing different climatic variables
and with different seasonal bias: this has been previously a major problem in climate
reconstructions (Bradley et al., 2003). As the dynamical relationships between mod-
elled variables are preserved, any modelled variables can potentially be reconstructed.
Hence, approaches like PaleoR now provide the best methods to resolve climate vari-5

ability outside the instrumental era.

4.2 Limitations

The accuracy and quality of all proxy-based research, regardless of methodological
considerations, is limited by the quantity, quality and spatial distribution of the proxy
data network. Two primary ambiguities relating to the existing proxy dataset are dating10

uncertainty and non-climatic noise in the proxy signal. In order to address dating uncer-
tainty the reconstructions are produced at a variable resolution that is within estimated
dating confidence for the included proxy data. To address signal to noise uncertainty
the signals from each proxy are individually evaluated for each time period and only
proxies displaying an unambiguous climatic signal are included – as defined by a nor-15

malised anomaly of ±0.5σ. There are also many regions of the globe with insufficient
proxy data coverage, particularly the Arctic, west Asia, central Africa and central North
America – these correspond to the regions of lowest skill in PaleoRpseudoproxy evaluation
(Fig. 3). Many available proxy records are not yet included in PaleoR and expanding
the dataset is an ongoing project.20

Another limitation to PaleoR is the current lack of direct tropical SST proxies con-
straining the assimilation, especially prior to ∼ 1550 AD (Fig. 1b). Where there are no
actual SST proxies, tropical SST are mostly constrained by proxies sensitive to atmo-
spheric teleconnections (e.g. Fowler et al., 2012). Although the MDA approach makes
no prior assumptions about the nature of teleconnection relationships, they need to25

have been active during the time periods of interest in order for remote proxies to rep-
resent tropical SSTa variability. Other uncertainties include potential deficiencies in the
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model dataset and potential biases in the analogue selection, the next section dis-
cusses some potential strategies to address these issues in future versions.

4.3 Planned improvements

PaleoR is our first attempt at producing global paleoclimate reanalysis and is expected
to improve significantly with future refinements. In addition to the obvious areas for im-5

provement such as increasing the spatial density of proxy data and experimenting with
different model simulations, we have identified several key areas where improvements
are planned.

There is significant scope to improve the calibration of proxy and model data. At
present proxy records are compared to a single primary modelled climatic variable,10

either SST, SLP, air temperature or precipitation, this is typically determined by the
original published interpretations. However, LME simulates a range of variables that
might, in some cases, be more appropriate: such as atmospheric sea salt transport for
ice core interpretation; humidity, precipitation-evaporation balance, or streamflow for
hydroclimate proxies; and ocean salinity for coral proxies. Some climatic proxies are15

also sensitive to multiple variables, such as tree-ring growth that is sensitive to both
precipitation and temperature (e.g. Fritts, 1976; Villalba, 1990); in these cases simul-
taneous multivariate calibrations might more appropriate. The emerging technology of
proxy system modelling could potentially account for non-climatic influences on proxy
signals and might also allow the direct calibration of trace chemical or isotope signals20

in proxies with equivalent modelled variables (Evans et al., 2013; see Hughes and
Ammann, 2009).

Potential biases in the analogue selection have not been directly addressed in this
study. Goosse et al. (2006) suggested that a weighting could be applied to each proxy
record so that reconstructions favoured proxy records in which higher confidence was25

placed. The spatial distribution of proxy data is also important; reconstructions could be
developed via an iterative or hierarchal approach, whereby regional reconstructions are
first produced, then combined into a hemisphere reconstruction. An alternative option
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could be to apply weights to each proxy depending on its proximity to other records,
thereby accounting for differing proxy densities in different regions.

Our focus in this work has been ensuring that PaleoR is consistent with available
proxy data (as demonstrated in Fig. 2) and testing the methodology using pseudoproxy
experiments (Fig. 3). Verification of PaleoR against the observational record is chal-5

lenging due to the short overlap period and reduced degrees of freedom associated
with a decadally averaged dataset. For example, data-scarcity in the Southern Hemi-
sphere high latitudes mean comparisons with observations are only really valid post
∼ 1950 AD. We have recently developed an experimental version of PaleoR at annual
resolution over the 1700 to 2000 AD period allowing a more meaningful comparison10

with the observational record. Initial evaluation is encouraging and we hope to make
this dataset available soon. The MDA approach can also accommodate a range of low-
resolution proxy data, opening the prospect of exploring periods further in the past,
such as the Last Glacial Maximum and Last Inter-Glacial.

5 Conclusions15

This article describes the methodology and evaluation of our first attempt at develop-
ing a globally relevant paleoclimate reanalysis of the past 1200 years. Our overriding
ambition is to make optimum use of both proxy and model data while presenting pa-
leoclimate information in an accessible format suitable for a wide range of research
applications. PaleoR is developed using an established “off-line” multivariate data as-20

similation approach to constrain the LME simulation with a globally distributed proxy
dataset. Assimilation of proxy and model data using MDA produces a reanalysis that is
highly correlated to almost all included proxy records. PaleoR should therefore provide
a reasonable representation of the “real-world” evolution of the climate system – within
the limitations of the proxy archive and the model simulation.25

Our data assimilation approach offers numerous advantages over conventional PCR
based approaches to paleoclimatology. MDA accommodates a wide range of proxy
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data representing multiple climatic variables, seasonal sensitivities and temporal res-
olutions, thus optimising the use of available proxy records. MDA is largely unaffected
by non-stationarity in covariance relationships. Full spatial fields are reconstructed
for multiple variables while preserving dynamical inter–variable relationships. “Off-line”
proxy-data assimilation is computationally efficient, easily adaptable to existing climate5

datasets and easily incorporates new proxy data, thus providing a platform for experi-
mentation, and rapid evaluation of new proxy data and model simulations.

Paleoclimate reanalyses will undoubtedly play a pivotal role in the future of paleocli-
matology. PaleoR research and development is an ongoing project, as such we have
identified opportunities for potential enhancements in future versions. MDA is just one10

of many possible approaches to proxy data assimilation and the development of paleo-
climate reanalyses. In coming years we will no doubt see the emergence of alternative
and possibly more skilful approaches. However, paleoclimate reanalyses will never be
as accurate as reanalyses constrained by sufficient meteorological observations – this
is simply a reality of dealing with low-resolution high-uncertainty data. Nevertheless,15

PaleoR has already provided valuable insights into climate system evolution during the
past millennium (Goodwin et al., 2013, 2014). The ability to resolve full spatial fields
across multiple dynamically consistent variables means PaleoR is a powerful resource
for investigating long-term climate variability and the drivers of large-scale climate
regime shifts. PaleoR spatial fields for 800 to 2000 AD, as described in this article, can20

be viewed online at http://climatefutures.mq.edu.au/research/themes/marine/paleor/.
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Table A1. Proxy climate records used in PaleoR. Numbers in column 1 correspond to the
locations plotted in Fig. 1.

No. Region Location Proxy Data Type Variable [Lat, Lon] References

1 Africa Lake Verlorenvlei Sediment diatom Precipitation [−33, 19] Stager et al. (2012)
2 Africa Lake Masoko Sediment mag. susc. Precipitation [−9, 34] Garcin et al. (2007)
3 Africa Lake Malawi Sediment TMAR Precipitation [−10, 34] Johnson et al. (2001)
4 Africa Makapansgat Valley Speleothem lumin. Temperature [−24, 28] Holmgren et al. (1999)
5 Africa Makapansgat Valley Speleothem δ18O Precipitation [−24, 28] Holmgren et al. (1999)
6 Africa Makapansgat valley Speleothem δ18O Temperature [−24, 29] Sundqvist et al. (2013)
7 Africa Zimbabwe Tree ring width Precipitation [−18, 29] Therrell et al. (2006)
8 Africa Morocco Tree ring width Precipitation [33, 355] Esper et al. (2007)
9 Indian Ocean Mafia Island Coral δ18O SST [−8, 40] Damassa et al. (2006)
10 Indian Ocean Malindi Coral δ18O SST [−3, 40] Cole et al. (2000)
11 Indian Ocean Madagascar Coral δ18O SST [−24, 44] Zinke et al. (2004)
12 Indian Ocean Abrolhos Coral δ18O SST [−29, 113] Kuhnert et al. (1999)
13 Indian Ocean Salalah Arabia Speleothem δ18O Precipitation [18, 55] Burns et al. (2002)
14 Indian Ocean Flores Indonesia Speleothem δ18O Precipitation [−9, 121] Griffiths et al. (2009)
15 Pacific Guam Territory Coral δ18O SST [13, 145] Asami et al. (2005)
16 Pacific New Caledonia Coral Sr/Ca SST [−22, 166] Delong et al. (2012)
17 Pacific Vanuatu Coral δ18O SST [−15, 167] Quinn et al. (1993)
18 Pacific Fiji and Tonga Coral δ18O SLP [−15, 180] Linsley et al. (2008)
19 Pacific Palmyra Coral δ18O SST [6, 198] Cobb et al. (2003)
20 Pacific Cook Is Coral Growth SST [−22, 201] Goodwin and Harvey (2008)
21 Pacific Moorea Coral δ18O SST [−18, 210] Boiseau et al. (1998)
22 Pacific Secas Island Coral δ18O Precipitation [8, 278] Linsley et al. (1994)
23 Pacific El Junco Galapagos Sediment grainsize Precipitation [−1, 271] Conroy et al. (2008)
24 Pacific Solomon Islands Speleothem δ18O Precipitation [−10, 160] Maupin et al. (2014)
25 Pacific Vanuatu Speleothem δ18O Precipitation [−18, 168] Partin et al. (2013)
26 Pacific NADA Tree ring Precipitation [28, 255] Cook et al. (2004)
27 Australia Great Barrier Reef Coral luminescence Precipitation [−18, 146] Lough et al. (2011)
28 Australia Great Barrier Reef Coral Sr/Ca SST [−18, 146] Hendy et al. (2002)
29 Australia Great Barrier Reef Coral luminescence Precipitation [−20, 147] Hendy et al. (2003)
30 Australia Lake Frome Sediment shoreline Precipitation [−30, 139] Cohen et al. (2011, 2012)
31 Australia Lake Surprise Sediment Precipitation [−38, 141] Barr (2014)
32 Australia Coastal N.S.W Dune sediments Wave Clim. [−33, 151] Goodwin et al. (2006)
33 Australia Lake Tay Tree ring width Precipitation [−33, 121] Cullen and Grierson (2008)
34 Australia Mt Read Tasmania Tree ring width Temperature [−42, 145] Cook et al. (2006)
35 New Zealand Regional Multiproxy Precipitation [−44, 168] Lorry et al. (2008)
36 New Zealand NZ South Island Sediment moraine Precipitation [−44, 170] Schaefer et al. (2009)
37 New Zealand Oroko Swamp NZ Tree ring width Temperature [−43, 170] Cook et al. (2002)
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Table A1. Continued.

No. Region Location Proxy Data Type Variable [Lat, Lon] References

38 New Zealand NZ North Island Tree ring width SLP [−37, 175] Fowler et al. (2008)
39 New Zealand Mangawhero NZ Tree ring width Temperature [−39, 176] D’Arrigo et al. (1998, 2000)
40 New Zealand Takapari NZ Tree ring width Temperature [−40, 176] Xiong and Palmer (2000)
41 South America Quelccaya, Peru Ice accumulation Precipitation [−14, 289] Thompson (1992)
42 South America Quelccaya, Peru Ice core δ18O Temperature [−14, 289] Thompson et al. (2006)
43 South America South Patagonia Multiproxy Precipitation [−50, 287] Neukom et al. (2010)
44 South America South Patagonia Multiproxy Temperature [−50, 287] Neukom et al. (2010)
45 South America Central Chile Multiproxy Precipitation [−32, 290] Neukom et al. (2010)
46 South America Central Chile Multiproxy Temperature [−32, 290] Neukom et al. (2010)
47 South America Subtropics Multiproxy Precipitation [−25, 290] Neukom et al. (2010)
48 South America Subtropics Multiproxy Temperature [−25, 290] Neukom et al. (2010)
49 South America Lago Guanaco Sediment carbonate Precipitation [−52, 287] Moy et al. (2008)
50 South America Laguna Aculeo Sediment pigments Temperature [−34, 288] von Gunten et al. (2009)
51 South America Patagonian Andes Sediment laminae Precipitation [−47, 289] Elbert et al. (2011)
52 South America South Orkney Is Sediment δ18O Temperature [−61, 315] Noon et al. (2003)
53 South America South Georgia Is Sediment moraine Temperature [−54, 324] Clapperton (1990)
54 South America North Andes Tree ring width Temperature [−41, 288] Villalba et al. (2003)
55 South America Chilean Cordillera Tree ring width Precipitation [−33, 288] LeQuesne et al. (2006)
56 South America Rio Alerce Tree ring width Temperature [−41, 289] Villalba (1990)
57 South America Patagonia Tree ring width Precipitation [−41, 289] Villalba (1990)
58 South America Andes Tree ring width Precipitation [−37, 290] Christie et al. (2009)
59 Antarctica Droning Maude Land Ice core δ18O Temperature [−75, 1] Oerter et al. (2011)
60 Antarctica Law Dome Ice core δ18O SLP [−66, 112] Van Ommen et al. (1997)
61 Antarctica Law Dome Ice core Na+ SLP [−66, 112] Goodwin et al. (2004)
62 Antarctica Vic. Lower Glacier Ice core δD Temperature [−77, 167] Bertler et al. (2011)
63 Antarctica Vic. Lower Glacier Ice core Fe+ SLP [−77, 167] Bertler et al. (2011)
64 Antarctica Vic. Lower Glacier Ice core Na+ SLP [−77, 167] Bertler et al. (2011)
65 Antarctica Mt. Erebus Ice core δD Temperature [−78, 168] Rhodes et al. (2012)
66 Antarctica Siple Dome Ice core Na + SLP [−81, 212] Kreutz and Mawyeski (2000)
67 Antarctica West Antarctic Ice accumulation Precipitation [−79, 248] Banta et al. (2008)
68 Antarctica James Ross Island Ice core δD Temperature [−64, 302] Abram et al. (2013)
69 Antarctica James Ross Island Ice core melt Temperature [−64, 302] Abram et al. (2013)
70 Europe Europe Alps Documentary Temperature [47, 7] Casty et al. (2005)
71 Europe Europe Alps Documentary Temperature [47, 7] Casty et al. (2005)
72 Europe Europe Alps Documentary Precipitation [47, 7] Casty et al. (2005)
73 Europe Europe Alps Documentary Precipitation [47, 7] Casty et al. (2005)
74 Europe Scotland Speleothem growth Precipitation [58, 356] Proctor et al. (2002)
75 Europe Iberia Speleothem δ13C Temperature [43, 356] Martìn-Chivelet et al. (2011)
76 Europe Central Europe Tree ring width Temperature [50, 9] Büntgen et al. (2010)
77 Europe Central Europe Tree ring width Precipitation [50, 9] Büntgen et al. (2010)
78 Europe Europe Alps Tree multiproxy Temperature [46, 10] Trachsel et al. (2012)
79 Europe Jämtland Tree MXD Temperature [62, 14] Gunnarson et al. (2011)
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Table A1. Continued.

No. Region Location Proxy Data Type Variable [Lat, Lon] References

80 Europe Scandinavia Tree MXD Temperature [68, 20] Esper et al. (2014)
81 Europe Tatra Mountains Tree ring width Temperature [50, 20] Büntgen et al. (2013)
82 Europe Finland Tree MXD Temperature [62, 28] Helama et al. (2014)
83 Europe Aegean Tree ring width Precipitation [41, 29] Griggs et al. (2007)
84 Europe Central England Tree ring width Precipitation [52, 359] Wilson et al. (2013)
85 Atlantic Yucatan Coral growth rates SST [21, 273] Vasquez et al. (2012)
86 Atlantic Tortuga Coral Sr/Ca SST [25, 277] DeLong et al. (2014)
87 Atlantic Bahamas Coral growth rates SST [26, 281] Saenger et al. (2009)
88 Atlantic Chesapeake Bay Coral Mg/Ca SST [37, 284] Cronin et al. (2003)
89 Atlantic Puerto Rico Coral Sr/Ca SST [18, 293] Kilbourne et al. (2008)
90 Atlantic Bermuda Coral Sr/Ca SST [32, 296] Goodkin et al. (2008)
91 Atlantic Nordic Sea Sediment ocean SST [67, 8] Cunningham et al. (2013)
92 Atlantic Gulf of Maine Sediment δ18O SST [44, 292] Wanamaker et al. (2007)
93 Atlantic Caraico Basin Sediment Mg/Ca SST [11, 295] Black et al. (2007)
94 Atlantic Iceland Shelf Sediment ocean SST [67, 342] Cunningham et al. (2013)
95 North America Washington Sediment lake δ18O Precipitation [49, 242] Steinman et al. (2012)
96 North America Baffin Island Sediment varves Temperature [60, 293] Thomas et al. (2009)
97 North America Firth River Alaska Tree MXD Temperature [69, 218] Anchukaitis et al. (2013)
98 North America Gulf of Alaska Tree ring Temperature [59, 220] Wiles et al. (2014)
99 North America Oregon Tree ring width Precipitation [42, 238] Malevich et al. (2013)
100 North America California Tree ring δ13C Precipitation [37, 242] Bale et al. (2011)
101 North America Canadian Rockies Tree MXD Temperature [52, 243] Luckman et al. (2005)
102 North America Great Basin Tree ring width Temperature [38, 244] Salzer et al. (2013)
103 North America Colorado Tree ring width Temperature [35, 248] Salzer et al. (2005)
104 North America Colorado Basin Tree ring width Precipitation [39, 252] Meko et al. (2007)
105 North America Barranca Tree ring Precipitation [19, 261] Stahle et al. (2011)
106 North America Colorado Tree ring width Precipitation [30, 262] Cleaveland et al. (2011)
107 North America West Virginia Tree ring width Precipitation [39, 281] Maxwell et al. (2012)
108 North America Potomac River Tree ring width Precipitation [39, 284] Maxwell et al. (2011)
109 North America New York City Tree ring Precipitation [41, 286] Pederson et al. (2013)
110 North America Eastern Canada Tree ring Temperature [54, 288] Gennaretti et al. (2014)
111 Arctic Agassiz Ice Cap Ice core δ18O Temperature [81, 287] Fisher et al. (1995)
112 Arctic DYE-3 Greenland Ice core δ18O Temperature [65, 316] Vinther et al. (2010)
113 Arctic GRIP Greenland Ice core δ18O Temperature [73, 322] Vinther et al. (2010)
114 Arctic Greenland Ice core δ18O Temperature [73, 323] Kobashi et al. (2011)
115 Arctic Crete Greenland Ice core δ18O Temperature [71, 323] Vinther et al. (2010)
116 Asia North China Documentary Precipitation [37, 111] Yi et al. (2011)
117 Asia North China Documentary Temperature [37, 111] Yi et al. (2011)
118 Asia Altai Ice core δ18O Temperature [50, 87] Eichler et al. (2009)
119 Asia China Speleothem Precipitation [37, 111] Tan et al. (2011)
120 Asia Beijing Speleothem layer Temperature [40, 116] Tan et al. (2003)
121 Asia Yamalia Tree ring width Temperature [67, 68] Briffa et al. (2013)
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Table A1. Continued.

No. Region Location Proxy Data Type Variable [Lat, Lon] References

122 Asia Kathmandu Tree ring width Temperature [28, 84] Cook et al. (2003)
123 Asia Kathmandu Tree ring width Temperature [28, 84] Cook et al. (2003)
124 Asia Tibet Tree ring width Precipitation [38, 99] Yang et al. (2014)
125 Asia Selenge River Tree ring width Precipitation [49, 100] Davi et al. (2006)
126 Asia Qinling Mountains Tree ring multiproxy Temperature [34, 104] Yang et al. (2013)
127 Asia North-central China Tree MXD Temperature [34, 106] Chen et al. (2014)
128 Asia Yeruu River Tree ring width Precipitation [50, 107] Pederson et al. (2013)
129 Asia Kherlen River Tree ring width Precipitation [47, 111] Davi et al. (2013)
130 Asia Hokkaido Tree MXD Temperature [44, 143] Davi et al. (2002)
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Figure 1. (a) Proxy map showing locations and types of proxy data included in PaleoR; numbers
correspond to individual records listed in Table A1. (b) Density (number of individual records)
of proxy data used at each timestep; blue line represents the mean temporal resolution of all
proxy records at each timestep.
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Figure 2. Correlations (Pearson’s r) between each proxy record and the equivalent climate
variable derived from (a) PaleoR and (b) LME ensemble mean; numbers correspond to indi-
vidual records listed in Table A1. Correlations are calculated using decadal means, * denotes
significant correlations (p < 0.01). Significant negative correlations typically denote proxies that
have an inverse relationship to their respective climatic variables. Mean correlation values are
based on the absolute r values.
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Figure 3. Pseudoproxy experiment results: grid point correlations (Pearson’s r) between LME01

and PaleoRpseudoproxy calculated at decadal resolution over the over 850–2000 AD period for (a)
SLP, (b) air temperature, (c) SST, and (d) precipitation. Blue dots illustrate the spatial distribu-
tion of pseudoproxy data. Stippling indicates statistically significant correlations (p < 0.01).
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Figure 4. Timeseries plots showing three PaleoR derived reconstructions of major modes of
global climate variability: (a) ENSO, (b) SAM, and (c) NAO. Shading on PaleoR timeseries
defines the 95 % confidence interval of the 50-member BMA ensemble mean at each timestep.
Plotted for comparison are equivalent indices derived from both proxy and observational data;
* denotes statistically significant correlations (p < 0.01). Vertical bars indicate time period used
for spatial plots in Fig. 5.
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Figure 5. PaleoR derived (a–b) SST and (c–d) SLP anomaly spatial fields for two time periods,
(a–c) 1150–1170 AD and (b–d) 1550–1560 AD, selected to highlight positive and negative
phases of each index, as identified in Fig. 4. During 1150–1170 AD (1550–1560 AD) generally
negative (positive) Nino3.4 SST were coupled to a positive (negative) SAM and NAO (Fig. 4).
Each gridded field is a composite of the 50-member BMA ensemble each timestep; stippling
indicates statistically significant anomalies (p < 0.01).
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