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Climate Model Teleconnection Patterns Govern the Nifio-3.4 Response to Early
Nineteenth-Century Volcanism in Coral-Based Data Assimilation Reconstructions?
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ABSTRACT: Scientific understanding of low-frequency tropical Pacific variability, especially responses to perturbations in
radiative forcing, suffers from short observational records, sparse proxy networks, and bias in model simulations. Here, we
combine the strengths of proxies and models through coral-based paleoclimate data assimilation. We combine coral ar-
chives (5'%0, Sr/Ca) with the dynamics, spatial teleconnections, and intervariable relationships of the CMIP5/PMIP3
Past1000 experiments using the Last Millennium Reanalysis data assimilation framework. This analysis creates skillful
reconstructions of tropical Pacific temperatures over the observational era. However, during the period of intense volcanism
in the early nineteenth century, southwestern Pacific corals produce El Nifio-Southern Oscillation (ENSO) reconstructions
that are of opposite sign from those from eastern Pacific corals and tree ring records. We systematically evaluate the source
of this discrepancy using 1) single-proxy experiments, 2) varied proxy system models (PSMs), and 3) diverse covariance
patterns from the Past1000 simulations. We find that individual proxy records and coral PSMs do not significantly contribute
to the discrepancy. However, following major eruptions, the southwestern Pacific corals locally record more persistent cold
anomalies than found in the Past1000 experiments and canonical ENSO teleconnections to the southwest Pacific strongly
control the reconstruction response. Furthermore, using covariance patterns independent of ENSO yields reconstructions
consistent with coral archives across the Pacific. These results show that model bias can strongly affect how proxy infor-
mation is processed in paleoclimate data assimilation. As we illustrate here, model bias influences the magnitude and
persistence of the response of the tropical Pacific to volcanic eruptions.
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1. Introduction decades to centuries (Zanchettin et al. 2012; Pausata et al.
2015; Ding et al. 2014). Successive large eruptions may create a
persistent amplified climate response through an accumulation
effect (Gupta and Marshall 2018). Statistical and modeling
efforts have associated an El Nifio-like response to volcanic
eruptions (Adams et al. 2003; Mann et al. 2005; Predybaylo
et al. 2017; Khodri et al. 2017; Stevenson et al. 2016), but the
robustness of this response is dependent on many factors
(Emile-Geay et al. 2008; Predybaylo et al. 2017; Ohba et al.
2013; Stevenson et al. 2016) and it may not be detectable rel-
ative to the magnitude of unforced variability (Dee et al.
2020b). Furthermore, while many mechanisms have been
proposed in models, the dominant dynamics driving the
weakened Walker circulation response to volcanic eruptions
remain elusive (McGregor and Timmermann 2011; Khodri
et al. 2017; Ohba et al. 2013; Stevenson et al. 2016).

This uncertainty stems, in part, from the paucity of instru-
mental observations of large volcanic eruptions. Over the
satellite era, the largest eruption observed is the 1991 Mt.

@ Supplemental information related to this paper is available Pinatubo eruption [with a volcanic explosivity index (VEL

at the Journals Online website: https://doi.org/10.1175/JCLI-D-20- Newhall and Self 1982) magnitude of 6], but larger eruptions
0549 s1. occurred in the early nineteenth century. Sulfate concentra-

tions in ice cores suggest that the Mystery (1809; VEI 6) and
Tambora (1815; VEI 7) eruptions dwarf the 1991 Pinatubo
event in magnitude (Gao et al. 2008). Both eruptions are
thought to have instigated global repercussions, mostly ob-
served as surface cooling (Stommel and Stommel 1979;
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The response of the tropical Pacific to large volcanic erup-
tions is a longstanding topic of debate. This topic has received
considerable attention as volcanic eruptions provide an op-
portunity to investigate the complex feedbacks and processes
driving the ocean and atmospheric responses to perturbations
in external radiative forcing. Climate models simulate consid-
erable diversity in the magnitude, persistence, and dynamical
responses to volcanic eruptions, even when controlling for
differences in eruption size, latitude, and season (Adams et al.
2003; Mann et al. 2005; Emile-Geay et al. 2008; Pausata et al.
2015; Maher et al. 2015; Pausata et al. 2016; Zanchettin
et al. 2016; Stevenson et al. 2016; Lehner et al. 2016; Khodri
et al. 2017; Stevenson et al. 2018; Zanchettin et al. 2019). Many
studies predominantly focus on the short-term response to
volcanic eruptions, but additional work has illustrated that
volcanic eruptions can elicit a response that persists from
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system models and proxy-based reconstructions both provide a
means of investigating the influence of volcanic eruptions on
the climate system. However, model-based studies often have
known biases poorly constrained initial conditions (Li and Xie
2014; Samanta et al. 2019; Timmreck et al. 2009), while proxies
record aspects of the true climate, but with mixed fidelity
across an incomplete spatial network.

Fusing information from models and proxies via paleoclimate
data assimilation (paleo-DA) has the potential to improve upon
reconstructions based on either type of paleoclimate informa-
tion alone. Paleo-DA is a method of reconstructing full fields of
analysis by blending paleoclimate observations within the dy-
namical constraints of climate models. The Last Millennium
Reanalysis, a framework using ensemble Kalman filter data
assimilation (DA) methodology, creates paleoclimate re-
constructions with small computational cost (Hakim et al.
2016). Using a similar DA methodology, Steiger et al. (2018)
show that Nifio-3.4 variability can be skillfully reconstructed
over the instrumental era (1871-2000) using a global net-
work of tree ring, ice core, coral, and lake core—derived
proxies (Emile-Geay et al. 2017) and the CESM Last
Millennium Ensemble (Otto-Bliesner et al. 2016) simula-
tions. However, previous paleo-DA efforts have relied
heavily on proxy data far removed from the tropical Pacific
itself. It is not known if solely using local tropical proxies
will yield different results.

Here, we explore the potential of coral-only DA to recon-
struct tropical climate variability back to the year 1800 as coral
archives are optimally positioned to observe changes in the
tropical oceans. Assimilating strictly coral records using the
paleo-DA method described below avoids uncertain, nonsta-
tionary teleconnections to the midlatitude continents (Coats
etal.2013; Dee et al. 2020a). It has long been suggested that the
relationship between midlatitudes and tropical oceans is state
dependent, and could be modified under different mean atmo-
spheric conditions or with varied expressions of ENSO (e.g., Cole
and Cook 1998; Coats et al. 2013; Batehup et al. 2015). Inaccurate
teleconnection or covariance patterns in the climate models could
result in unrealistic reconstructions when combined with proxies
from the affected regions. Thus, this paleo-DA method provides a
test bed to examine the impact of different proxy types, proxies
from distinct regions, and the robustness of past climate recon-
structions. Differences in reconstructions based on these factors
may reveal inaccuracies in the interpretation of proxies or po-
tential errors in the estimation of spatial relationships. As the
response of the tropics to the 1809 Mystery and 1815 Tambora
eruptions is not known with a high degree of confidence, we use
paleo-DA to evaluate the consistency of the tropical response to
volcanic eruptions between 1) coral archives and models and 2)
coral archives and other types of proxies.

In applying paleo-DA to this problem, we show here that the
interpretation of the reconstructed climate from the coral proxy
records is strongly dependent on proxy location and the tropical
variability of the climate models used in the data assimilation pro-
cedure. We proceed with a description of the methods in section 2.
Results are presented in section 3, organized around reconstructing
the Nifio-3.4 index over two intervals: the twentieth century and early
nineteenth century. Conclusions are drawn in section 4.
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2. Methods
a. Last Millennium Reanalysis methodology

The Last Millennium Reanalysis (LMR; Hakim et al. 2016;
Tardif et al. 2019) provides an offline data assimilation
framework to integrate networks of paleoclimate proxies
within the dynamical constraints of a fixed climate model prior
estimate using an ensemble Kalman filter approach (Steiger
et al. 2014). With this methodology, we create full field climate
reconstructions whereby temporal variability is informed by
proxy records and the climate model prior provides dynamical
constraints and informs the geospatial and intervariable rela-
tionships. We provide an overview of the data assimilation
methodology and Kalman update equations, but the complete
LMR reconstruction methodology is described elsewhere
(Steiger et al. 2014; Hakim et al. 2016; Singh et al. 2018; Tardif
et al. 2019). The data assimilation methodology begins with a
prior, or estimate of the climate state, x,,. We use the update
equation of the Kalman filter (Kalnay 2003) to update this
estimate to a new state x, that has incorporated information
from the proxies y, weighted by the Kalman gain matrix K:

X, =X + K(y - pr). 1)

Matrix H contains the proxy system model (PSM) information,
which models the proxies with relevant physical variables from
the prior; for example, many proxies (e.g., tree ring width, coral
Sr/Ca, etc.) can be modeled as a function of 2-m air tempera-
ture. The difference between the actual proxy value and the
estimate Hx, is known as the innovation, which contains the
new information not already contained in the prior. Following
Hakim et al. (2016), we calculate annual anomalies relative to
the 1951-80 period and calibrate H by fitting a linear model to
the proxies using GISTEMP (Hansen et al. 2010) surface
temperatures during 1850-2015 (see next section for details).
The Kalman gain matrix,

K=BH'(HBH" +R) ', Q)

weights the innovation and spreads it through space and across
variables. Here, B indicates the error covariance matrix for the
prior data and R is the error covariance matrix for the proxies,
which we assume to be diagonal. We use the ensemble square
root approach to solving (1) and (2) (Whitaker and Hamill
2002), updating the proxy observations annually. We estimate
skill over the observational record using two metrics, Pearson’s
correlation coefficient R and the Nash—Sutcliffe coefficient of
efficiency (CE) (Nash and Sutcliffe 1970). When performing
paleo-DA with this methodology, the results are potentially
sensitive to three key factors: 1) the proxies included in the
assimilation (i.e., y), 2) the PSMs used to model the proxies
from climate-model data (i.e., H), and 3) climate model prior
used to model the proxies and covariance patterns (i.e., x,,, B).

b. Proxies (y)

This paper explores coral-only DA using a network of 125
temperature-sensitive geochemical records that updates pre-
vious syntheses (Tierney et al. 2015) and uses all available coral
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FIG. 1. (a) Locations of coral records used in this analysis (6'%0 in pink, Sr/Ca in black; full
report can be found in Table S1). The Nifio-3.4 region is outlined in red. (b) The Nifio-3.4 index
relative to the 1951-80 mean in NOAA ERSSTvS5 (red) and in the LMR-CCSM4 coral re-
construction (blue). Light blue shading represents the reconstruction 95% confidence intervals.

records from the NOAA paleoclimate archive spanning more
than 40 years as of March 2019 (Fig. 1a; see also Table S1 in the
online supplemental material). Of these, 40 records are based
on the ratio of strontium to calcium (Sr/Ca), and 85 measure
the coral’s oxygen isotope composition (5'%0). This network
adds 25 publicly available records from the NCEI NOAA
Paleoclimate archive to the PAGES 2k database. The full
PAGES2k network (Emile-Geay et al. 2017), which includes
tree rings, ice cores, and corals from a variety of regions and
sources is used as a reference reconstruction, but the main
experiments described here depend solely on coral records.
Proxy availability decreases with time such that the coral-only
network consists of 125 records over the twentieth century, but
diminishes to 39 records by the year 1830.

c. Proxy system models (H)

Proxy system models (PSMs) refer to a model of the physi-
cal, chemical, and biological processes that allow environ-
mental information to be derived from a geochemical archive
(Evans et al. 2013; Thompson et al. 2011; Dee et al. 2015). To
constrain the true variability of the climate system, it is nec-
essary to account for any processes that may influence the
geochemical signals within the proxy archives independent of
the environmental variable of interest (e.g., temperature). In
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corals, both Sr/Ca and 880 are highly correlated with local
temperature. Sr/Ca is typically interpreted to reflect tempera-
ture alone (Beck et al. 1992), and 8'30 to reflect a combination
of temperature and the 580 of seawater (81805\”), assuming
biological vital effects are constant (Epstein et al. 1953; Weber
and Woodhead 1972; Thompson et al. 2011; Stevenson et al.
2015; Lawman et al. 2020). In turn, 5180, is often highly
correlated with sea surface salinity as both are controlled by
the processes of precipitation and evaporation (Cole and
Fairbanks 1990; Fairbanks et al. 1997; Conroy et al. 2014). In
the LMR approach, both coral Sr/Ca and 8'®0 anomalies are
modeled as a univariate, linear function of temperature with an
error term ¢ (Hakim et al. 2016):

Coral A3'%0 = a,ASST + ¢, 3)

4)

While this traditional model is well equipped to handle varia-
tions in coral geochemistry due to temperature, we note that
this simplified PSM does not properly account for additional
variability in the coral 6'*0 due to variations in 8'0y,, asso-
ciated with precipitation, evaporation, or ocean circulation. To
properly represent this additional complexity, decades-long
high-fidelity observational products of 'Oy, or sea surface

Coral ASr/Ca = b ASST + &.
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FIG. 2. Reconstructions of Nifo-3.4 temperature by proxy type
with NCAR-CCSM4 prior, anomaly relative to the 1951-80 mean.
The non-coral experiment (predominantly tree ring and ice core
measurements) is in green and the coral-only experiment in blue.
There is a sustained offset between the reconstructions from about
1809 to 1830. The records spanning 1809-30 are listed in Table 1,
and shown in Fig. 4.

-1

salinity variability that overlap with coral records are needed
to calibrate the appropriate coefficients in the PSMs.

d. Prior (x,)

We predominantly use the NCAR CCSM4 Past1000 simu-
lation as a prior for our experiments (Otto-Bliesner et al. 2014),
although other CMIP5/PMIP3 models are ultimately consid-
ered (see section 3¢ below). The CCSM4 Past1000 simulations
has the same standard 1° resolution as CCSM4 and simulates
fairly realistic ENSO dynamics and teleconnection patterns,
but still features several biases common to climate models,
such as exaggerated ENSO variance and a cold tongue bias
(Deser et al. 2012). This experiment simulates the years 850
1850, with prescribed last millennium greenhouse gas, volcanic,
solar, and land use change forcings (Schmidt et al. 2011). This
simulation samples a wide range of realistic climate states that
provides an opportunity to test the sensitivity of the recon-
structions to this choice.

3. Results and discussion

We first evaluate the skill of the reconstructed SST fields by
examining the relationship between our coral reconstructions
with calculations of the Nifio-3.4 index (SST anomaly averaged
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over 5°N-5°S, 170°-120°W) from observational reanalysis
during the twentieth century [including NOAA ERSSTVS
(Huang et al. 2017), COBE SST2 (Hirahara et al. 2014),
HadISST (Rayner et al. 2003), SODA2.2.4 (Giese and Ray
2011), and Kaplan (Kaplan et al. 1997)]. Coral-only DA is
skillful (Fig. 1b, Tables S2-S6) and outperforms the all-proxy
reconstructions of Nifio-3.4. For example, Nifio-3.4 observa-
tions from NOAA ERSSTV5 over the years 1900-2000 have
R = 0.84 and CE = 0.68 with reconstructions from coral-only
DA, while all-proxy reconstructions have an R = 0.77, CE =
0.59. This improvement in skill potentially occurs because
coral-only DA only considers proxy archives from the tropical
oceans (Fig. 1a), as opposed to teleconnected regions. Additional
comparisons of coral-only DA to all-proxy DA using other priors
and reanalysis products exhibit similar results (Tables S2-S6).

While this method of reconstruction is skillful and in
agreement with other proxy archives over the observational
era, extending the Nifio-3.4 reconstruction to the year 1800
generates unexpected results during the period of intense
volcanism from 1809 to 1830. The coral-only DA reconstruc-
tion over the early nineteenth century suggests decades-long
periods of relatively warm equatorial Pacific temperatures
(relative to the 1951-80 mean). In comparison, paleo-DA re-
constructions using all data except corals show anomalously
cool conditions from 1809 to 1830 that are ~0.5°C cooler than
coral-only reconstructions (Fig. 2); a substantial offset given
the close agreement of the reconstructions over the rest of the
nineteenth and twentieth centuries (not shown). This result is
further surprising as this period occurs toward the end of the
Little Ice Age, known for persistent, relatively cool conditions
in the Northern Hemisphere (e.g., Crowley et al. 2014;
Bronnimann et al. 2019), possibly associated with increased
volcanism. This interproxy discrepancy, or the difference in
mean Nifio-3.4 anomaly over the 1809-30 period between the
coral-only and non-coral reconstructions, has important im-
plications for how the Nifio-3.4 region responds to intense ra-
diative forcing, making it crucial to determine if the coral-only
reconstruction is more realistic or an artifact of the paleo-DA
methodology.

We examine the source of this discrepancy and evaluate
plausible causes by addressing three questions: 1) Do the as-
sumptions in the coral PSMs strongly affect the results? 2)
Does the number or spatiotemporal distribution of proxy data
introduce a bias in the results? 3) How sensitive are the re-
constructions to the covariance patterns of individual models?
We examine each question sequentially.

a. Do the assumptions in the coral PSMs strongly affect the
results?

It is well established that coral 8'80 is sensitive to changes in
580y, and interpreting coral 8'%0 as a univariate function of
temperature in our PSM could contribute to the discrepancy
in Nifio-3.4 reconstructions (Fig. 2). To evaluate this possi-
bility, we employ a bivariate PSM that accounts for §'*Oy,
variability using its relationship with sea surface salinity [SSS;
Eq. (5)] instead of the simplified univariate PSM [Eq. (3)].
The bivariate coral §'%0 PSM (Thompson et al. 2011) is
given by



1 MARCH 2021

LMR-CCSM4
1.5 T T T

Reconstructed Nino 3.4 anomaly (°C)

Non-coral proxies

All-coral, traditional PSM

All-coral, Epstein bivariate PSM
L L

1820

-1.5
1800

1810 1830 1840 1850

FIG. 3. As in Fig. 2, but with the addition of a reconstruction
assimilating corals with a bivariate PSM. The incorporation of a
more realistic PSM does not correct the sustained interproxy dis-
crepancy from 1809 to 1830.

Coral A0 = a,ASST + a,ASSS + &, ®)

where a; = —0.22%, (Epstein et al. 1953; Lough et al. 2004;
Thompson et al. 2011; Kim and O’Neil 1997; O’Neil et al. 1969)
and a, is solved for using a best-fit linear regression between
the temperature residual (GISTEMP; Hansen et al. 2010) and
local salinity (ORA20C ocean reanalysis SSS; de Boisséson
et al. 2018).

This modification provides skillful reconstructions of the
Nifio-3.4 index over the twentieth century (R = 0.87, CE =
0.66, compared to the linear PSM reconstruction results of R =
0.84 and CE = 0.68), but leads to even warmer Nifio-3.4 re-
constructions over the 1809-30 interval (Fig. 3). We do not
interpret this result as evidence that the bivariate PSM is less
accurate than the linear PSM. The greater discrepancies
using a bivariate PSM may be explained, in part, by how SSS
products are generated. The paucity of SSS observations
poses a challenge for coral-SSS calibration. The ARGO pro-
gram (ARGO; Roemmich and Gilson 2009) has transformed
observational networks of salinity, but only extends globally to
2004. Many of the longer salinity reanalysis products are driven
by assimilating sea surface temperature, temperature, and sa-
linity profiles, and occasionally sea surface altimetry (Shi et al.
2017). Thus, it is possible that the interproxy discrepancy in-
creases when adopting the bivariate PSM because the
calibration process is compromised by the lack of actual
observations of SSS.

Furthermore, although there is precedent for using salinity
as a proxy for 5'%0,,, in PSMs (e.g., Cole and Fairbanks 1990;
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Fairbanks et al. 1997; Thompson et al. 2011; Dee et al. 2015;
Russon et al. 2013), salinity is not an exact substitute for
5'80,,. Salinity and 8'®0y,, are highly correlated spatially in
the modern ocean (LeGrande and Schmidt 2006) because they
are both influenced by precipitation, evaporation, and oceanic
circulation. However, it is difficult to confirm that these spatial
relationships are valid temporally, especially over many de-
cades (Stevenson et al. 2018). Recent modeling efforts have
included isotope enabled experiments, so it is possible that
future coral DA efforts could assimilate 5'%0,, directly.
Confidence in assimilating 580, could be improved with
long-term station monitoring of oxygen isotopes in seawater
from geographically diverse regions and more isotope-enabled
general circulation models.

b. Does the number or spatiotemporal distribution of proxy
data introduce a bias in the results?

While there are 125 total coral records, only 39 (12 Sr/Ca; 27
5'80) provide annually resolved data over the years 1809-30
(Table 1). When using the LMR framework to reconstruct each
proxy’s local temperature (i.e., single-proxy reconstructions
without influence from other proxies), the majority of these 39
coral records yield evidence for cooler temperatures (relative
to the 1951-80 mean) at their own location over the 1809-30
interval using CCSM4 as a prior (Fig. 4). These local recon-
structions suggest that the persistent, warmer, Nifio-3.4 re-
construction (Fig. 2) is related to how information from
individual coral records is spread from the record location onto
the Nifio-3.4 region by the climate model prior. We conduct
additional experiments by dividing corals into geographical
subsets to better understand how information from each region
affects the reconstructed Nifio-3.4.

To evaluate how coral records from specific geographic
regions influence Nifio-3.4 reconstructions, we divide the
proxies into regional groups (i.e., Atlantic, Indian, western
Pacific, and eastern Pacific). Reconstructions with only coral
data (coral-only) and all PAGES2K data except corals (non-
coral) are used for comparison. Of these geographically di-
vided subsamples, only western Pacific corals produce a
warm Nifio-3.4 anomaly (Fig. 5), suggesting that this region is
responsible for the relatively warm Nifio-3.4 reconstruction
when using all coral data (Fig. 2). This warm anomaly is
particularly prevalent when only 'O records are considered
(Fig. 5). Of the 39 corals spanning 1809-30, 15 corals (nearly
40% of available coral records) are from the western Pacific,
illustrating that the interproxy discrepancy is not the re-
sult of a small number of outlier records. Additionally, the
western Pacific coral records, mostly located in the SPCZ
region (12 out of 15), are generally in agreement that cooler
conditions persisted locally over the 1809-30 interval, sug-
gesting that the covariability between the SPCZ region and
Nifio-3.4 region is responsible.

c. How sensitive are the reconstructions to the covariance
patterns of individual models?

We explore the role of the climate model prior as the source
of the interproxy discrepancy in Nifio-3.4 reconstructions. We
expand our choice of priors to include the 10 CMIP5/PMIP3
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FIG. 4. (a) Coral single-site reconstructions of mean local temperature anomaly over 1809-30
(corals do not inform the reconstruction anywhere but their location). Records that do not
extend the full period are unfilled. Multiple coral records in the same grid box are denoted with
an asterisk (*). The Nifio-3.4 region is outlined in bold red, the SPCZ region outlined in bold
blue, the western Pacific region outlined in dashed blue, and the eastern Pacific region outlined
in dashed orange. (b) Histogram of local anomalies from (a). Most available coral records

suggest cold anomalies over this interval.

Past1000 experiments (BCC-CSM1-1, NCAR-CCSM4, CSIRO-
Mk3L-1-2, FGOALS-GL, GISS-E2-R, HadCM3, IPSL-CM5A-
LR, MIROC-ESM, MPI-ESM-P, MRI-CGCM3) and 5 of the
NCAR-CESM Last Millennium Ensemble (LME) simulations
for our experiments (Table 2). The CMIP5/PMIP3 and the
NCAR-CESM LME priors provide a range of physically re-
alistic possible background states. For example, ENSO fea-
tures substantial differences in magnitude of variability and
diversity of simulated teleconnection patterns between the
experiments (Bellenger et al. 2014). Table 2 provides further
details of the relevant characteristics of the PMIP3/CMIP5
Past1000 model simulations used here. The wide range of
climate model simulations provides an opportunity to test the
sensitivity of the reconstructions to this choice. To assess
whether the dynamics of CCSM4 are responsible for the early-
nineteenth-century interproxy discrepancy, we replicate the ex-
periment of reconstructing the Niflo-3.4 index using the non-coral,
coral-only, and regional coral proxies over the years 1809-30 for
all model priors (Fig. 6).

We find a wide range in the magnitude of interproxy dis-
crepancy among the priors, including both positive and neg-
ative anomalies (Fig. 6). Seventy-five percent (12/16) of all-
coral experiments show a warmer 1809-30 temperature
anomaly than their complementary non-coral reconstruction,
indicating that the interproxy discrepancy observed using
CCSM4 is not unique to that single model (Fig. 6, Table S7).
The sign and magnitude of the discrepancies are not directly
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related to the skill of the prior over ‘““normal’’ conditions as all
priors reliably reconstruct the twentieth century Nifio-3.4
(Tables S2-S6). Repeating the geographically localized proxy
reconstructions (i.e., Fig. 4) suggests that the western Pacific
region is again the main source of the warm anomaly in all-
coral reconstructions for many of the priors, particularly
LME simulations (Fig. 6). A minority of priors (e.g., IPSL,
MIROC, GISS, and MPI) yield all-coral Nifo-3.4 recon-
structions that are cooler than the non-coral reconstructions,
and show less anomalous reconstructed behavior in the west
Pacific (Fig. 6). As described below, this result can largely be
attributed to modeled covariance between the Nifio-3.4 and
SPCZ regions.

There is a large range in correlation coefficients between the
sea surface temperature of the SPCZ and Nifio-3.4 regions,
ranging from +0.61 in the MIROC model to —0.68 in the
CESM LME (Table 2, Fig. 7). For comparison, the correlation
between these regions in Twentieth Century Reanalysis
(20CR; Compo et al. 2011) is —0.36. This highlights the con-
siderable and well-documented model biases in the southwest
Pacific, occasionally referred to as the “double ITCZ problem”
(e.g., Brown et al. 2011; Irving et al. 2011; Lin 2007). Using
20CR as a prior in the data assimilation, we also find a per-
sistent, warm Nifio-3.4 anomaly over the 1809-30 period
(Figs. 6 and 7), further illustrating that the discrepancy is not a
reflection of the quality of the prior. Taken together, the results
for all priors reveal a clear, linear relationship between
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FIG. 5. Reconstructed mean Nifio-3.4 temperatures averaged
over 1809-30 from reconstructions using the CCSM4 prior as-
similating non-coral proxies, coral-only, and corals from subre-
gions. The N refers to the number of coral records in each region.
Coral-based reconstructions generate a much wider spread of
estimated Nifo-3.4 behavior, especially corals from the western
Pacific, suggesting this region may be responsible for discrep-
ancies in Fig. 2.

reconstructed coral-only Nifio-3.4 temperature anomaly and
the prior’s correlation between the SPCZ and Nifio-3.4 regions
(Fig. 7). We consider two hypotheses for this linear relation-
ship: 1) it is the result of state-dependent response to volcanic
eruptions and 2) ENSO teleconnections are exclusively re-
sponsible for the interproxy discrepancy, even during periods
of substantial volcanic activity.

If the first hypothesis was correct, we would expect the
interproxy discrepancy to be reduced by sampling from a
range of volcanic eruptions with different background
states. The CESM-LME is an ensemble that contains 18
volcanically forced last millennium simulations, and pro-
vides an opportunity to conditionally sample a variety of
volcanic initial conditions. Specifically, we create a prior by
sampling only the volcanically active 1800-50 period in the
LME, yielding a 900-member ensemble influenced by 36
large volcanic eruptions (18 unique simulations of the 1809
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Mystery Eruption, and 18 simulations of the 1815 Tambora
eruption, greater detail of the prior can be found in Table 3).
This “‘super volcano’ experiment marginally decreases the
interproxy discrepancy, illustrated by the y axis, when
compared to the CESM-LME experiments (Fig. 7, labeled,
filled circle). This suggests that the appropriate conditions at
the time of the volcanic eruption have an influence on the
reconstruction, at least as this response is simulated by cli-
mate models, but ultimately does not support our first hy-
pothesis and cannot explain the large interproxy discrepancy. This
result also introduces the possibility that the covariance rela-
tionships of the volcanic states are still vulnerable to the biases
in the climate model mean state. Even with appropriate vol-
canic forcing, the persistent biases in the tropical mean state
modify covariance patterns and could influence the interproxy
discrepancy.

We consider our second hypothesis by breaking traditional
ENSO teleconnections in two ways: 1) using a slab ocean ex-
periment from the CESM Large Ensemble (CESM-LE; Kay
et al. 2015) as a prior, which cannot support a “true” ENSO
without ocean dynamics, and 2) using a series of “El Nada”
(i.e., neither El Nifio nor La Nifa) priors from the CESM-LME
experiments where the magnitudes of anomalies in the Nifio-
3.4 region are screened below thresholds of 0.35°, 0.25°, 0.15°,
and 0.05°C. The unforced slab ocean simulation from CESM-
LE employs a CESM1-CAMS atmosphere (Hurrell et al.
2013), as does CESM-LME; however, the CESM-LME uses a
coarser-resolution atmosphere and land grid. As expected, the
slab ocean model displays a much weaker correlation between
the Nifio-3.4 and SPCZ region and the reconstruction based on
the slab-ocean model shows a reduced interproxy discrepancy.
Moreover, the El Nada experiments also show a similar trend
with reduced Nifio-3.4 variance corresponding to a weaker
correlation between Nifio-3.4 and SPCZ regions, and a smaller
interproxy discrepancy (Table 3, Fig. 7). This supports our
second hypothesis, and indicates that the interproxy discrep-
ancy observed in Fig. 2 can largely be attributed to model co-
variance patterns. Consistent with this, we find a positive linear
relationship between the magnitude of Nifio-3.4 variability in
the fixed model prior and the magnitude of the interproxy
discrepancy (Table 3, Fig. 8).

d. Volcanic and ENSO-like climate variability

This work emphasizes the difficulties of disentangling the
climate response to volcanic eruptions from ENSO. It is im-
portant to differentiate ENSO from the multiyear equatorial
warming described extensively here. We consider an El Nifio
(or La Nifia) event to be a warm (cold) deviation from the
mean state that persists for a single year, which is distinctly
different from many of the coral-only reconstructions, which
indicate a highly persistent, decades-long warm state in the
equatorial Pacific. Authors of individual coral archives from
the SPCZ region describe cooler, drier conditions over this
period, but do not suggest that this is evidence for a prolonged
warm state in the equatorial Pacific (e.g., Linsley et al. 2006). In
fact, high-resolution 8'0 and radiocarbon records from the
eastern equatorial Pacific (not included in this reconstruction
due to the lack of modern coral measurements upon which to
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FIG. 6. As in Fig. 4, but considering multiple climate model
priors. The 1809-30 average for each prior is plotted with a single
data point. The results from CCSM4 in Fig. 4 are illustrated with
black stars. Coral-based reconstructions yield a much wider spread
of estimated Nifio-3.4 behavior, especially corals from the west-
ern Pacific.

calibrate PSMs) identified frequent La Nifia events during the
early nineteenth century (Druffel et al. 2015). The results here
indicate that prolonged SPCZ cooling are accompanied by
individual years of warm, neutral, and even cold conditions in
the equatorial Pacific, but the model covariance patterns de-
termine the range of mean conditions of the reconstructions in
the decades following these eruptions. Further experiments
assimilating corals from all regions except the western Pacific
with each of the 10 Past1000/Last Millennium priors provide
evidence for cool conditions across the equatorial Pacific dur-
ing the eruption year and two years following (1809-11, 1815-
17) for both the Mystery and Tambora eruptions in the mul-
tireconstruction mean (Fig. S1). These experiments eliminate
bias from teleconnection patterns between the Nifo-3.4 and
western Pacific, but they reconstruct lower magnitude cool
anomalies in the South Pacific convergence zone relative to the
all-coral reconstructions. When considering the gradient of
temperature anomalies across the equatorial Pacific, a high
diversity of responses ranging from El Nifio-like to La Nifia—
like arise, dependent on the model used as a prior in the experiment
(Fig. S2-S7). However, we note that despite the diversity in coral-
DA reconstructions, there are still stark differences between the
multimodel mean and multireconstruction mean. For example,
in the year 1816, all coral-DA reconstructions with each of the
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Past1000/Last Millennium priors indicate cool anomalies across the
equatorial Pacific (Figs. S6a—j; see also the multi-reconstruction
mean in Fig. S6k), but the multimodel mean (not informed by
proxies) indicates modest equatorial warming (Fig. Sol).

An interesting outcome of modifying the volcanically forced
prior is the finding that, in some models, such as the CESM-
LME, years when Nifio-3.4 and SPCZ have simultaneous cold
anomalies (greater than one standard deviation) in the annual
average are exceedingly rare. Such simultaneous cold anoma-
lies only occur 47 times in the combined suite of 18 000 years of
volcanically forced CESM LME simulations, or 0.26% of the
time. Within the other 10 volcanically forced PMIP3/CMIP5
Past1000 priors used in this study, the mean rate of occurrence
of simultaneous cold anomalies is 2.9% of the time (Table S7).
While twentieth-century observations have not been forced
with large volcanic eruptions, we find two simultaneous Nifio-
3.4-SPCZ cold anomalies in ERSSTVS reanalysis in the years
1886 and 1909. These years are not known for large volcanic
eruptions, but are recognized as years featuring a substantial
La Nifla event. We also note that instrumental observations of
the SPCZ region temperature variability have more variance
than many of the CMIP5/PMIP3 Past1000 and CESM-LME
models (Table 2). Still, when the twentieth-century reanalysis
is used as the prior, we find the interproxy discrepancy biased
for warm equatorial conditions, indicating that this stationary
covariance pattern is particularly problematic when simulating
the post-eruption response.

e. Volcanic and southwestern Pacific climate variability

Comparing SPCZ region behavior in the Past1000 climate
simulations to the coral-based LMR reconstructions (Figs. 9a—c)
reveals that while the models tend to simulate diverse, short-
lived, large-magnitude responses, the LMR reconstructions
consistently indicate persistent cooler, drier conditions in the
SPCZ region during the early nineteenth century, with sur-
prising coherence, regardless of the prior used (Figs. 9b,c).
Moreover, the magnitude of the cold anomalies in the recon-
struction appears to be controlled by the SPCZ variance in the
prior (Figs. 9d,e). Despite the inherent uncertainties in model
simulations of this region, this result indicates that the proxies
are driving this strong SPCZ regional response. We note a
distinct difference in the magnitude and persistence of the re-
constructed anomalies when reconstructing using combined
Sr/Ca and 8'®0 proxies (N = 15), or just 8'0 proxies (N = 10).
Reconstructions using solely §'%0 records from the western
Pacific yield a more persistent response of lower amplitude,
likely due to the multivariate nature of the §'%0 signal. In the
western Pacific, 618Osw variability has been shown to have
higher relative influence on coral 6'%0 in isotope-enabled cli-
mate models (Russon et al. 2013) and observations (Conroy
et al. 2017) because of large hydrologic variability and rela-
tively stable warm temperatures. We do not attempt to dissect
the multivariate SPCZ signal, but acknowledge its significance
and emphasize that refining the coral §'30 bivariate PSM could
be a useful direction for future work.

It is fairly straightforward to compare the volcanic re-
sponse in climate models with paleoclimate data assimilation
reconstructions in regions of high proxy density or when
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SPCZ region in the prior and the magnitude of the reconstructed interproxy discrepancy. Priors
are sourced from the PMIP3/CMIPS5 priors (unfilled circles) and super prior (filled circles)

experiments.

incorporating priors that feature accurate covariance pat-
terns. However, in regions with sparse observations and in-
consistent or inaccurate covariance patterns, it is difficult to
evaluate the true climate response. The coral paleo-DA ap-
proach provides clear evidence for persistent cooler, drier
conditions in the SPCZ region after the eruptions of the early
nineteenth century. However, the diversity of covariance pat-
terns in the Past1000/Last Millennium priors prevent a confi-
dent assessment of the true ENSO response. Our results
narrow the uncertainty of the mean equatorial Pacific condi-
tions in the decades following the Mystery and Tambora
eruption; when excluding western Pacific archives, all proxy
subregions, including the eastern Pacific, provide evidence for
cool conditions in the Nifio-3.4 region. While we have built the
case that models (and observations) that only simulate tra-
ditional ENSO covariance patterns generate inaccurate re-
constructions during periods of high volcanic activity, it
is unclear whether models with a more positive correlation
coefficient between the Niflo-3.4 and SPCZ region are more
realistic. The Nifio-3.4-SPCZ correlation coefficient is deter-
mined by the model’s unforced tropical climate dynamics, simu-
lation of volcanic eruptions, and partially by the initial conditions
prior to the eruption. Ultimately, accurate paleo-DA recon-
structions require simulations that capture the covariance patterns
associated with boundary conditions not observed over the
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instrumental era. From our results, it is still not clear that the large
tropical eruptions of the early nineteenth century instigated
an El Niflo-like response in the year following the eruption.
Reconstructions seeking to reconstruct large, successive vol-
canic eruptions, as in the early nineteenth century, may require
large multimodel ensembles of volcanically forced simulations.
Additionally, volcanically forced slab ocean experiments could
prove useful in differentiating the volcanically forced ENSO
response from ENSO variability, as we have shown here.

4. Conclusions

Coral-based data assimilation has the potential to create
skillful, high-resolution reconstructions of the tropical oceans.
In this work, we combine a network of 125 coral archives with
10 climate model priors from the CMIP5/PMIP3 Past1000
experiments and 5 climate model priors from the CESM Last
Millennium Ensemble to examine the behavior of tropical
Pacific climate variability, with an emphasis on the Nifio-3.4
region. We find that coral-only DA is more skillful in re-
constructing the Nifio-3.4 index than all-proxy DA during the
instrumental era, particularly over the twentieth century.
However, we find complications when extending this meth-
odology into the early nineteenth century when the climate was
strongly forced by two major volcanic eruptions.
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TABLE 3. Super priors and relevant metrics detailing the behavior of the Nifio-3.4 and SPCZ regions in the prior, as in Table 2.

Super prior Description

Pearson’s correlation
coefficent (R) of Nifio-
3.4 and SPCZ

Standard
deviation of
Nifio-3.4 (°C)

Standard deviation
of SPCZ
region (°C)

Super volcano The prior was built using years 1800-50
from the CESM All Forcing and
Volcanic Forcing simulations (consists
of 18 50-yr segments, or 900 years) to
encompass the large Mystery and
Tambora eruptions.

The prior was built by identifying years of
minimal Nifio-3.4 variability in the
CESM All Forcing simulations. We
repeated this experiment several times,
controlling the amount of variance
allowed in the Nifio-3.4 region. We
ultimately conducted four experiments
limiting the Nifio-3.4 standard deviation
to 0.05°C.

As for El Nada 0.05°C, but Nifio-3.4
standard deviation limited 0.15°C

As for El Nada 0.05°C, but Nifio-3.4
standard deviation limited 0.25°C

As for El Nada 0.05°C, but Nifio-3.4
standard deviation limited 0.35°C

The prior CESM Large Ensemble slab
ocean simulation provides a full
atmospheric model that coupled to a
single layer “‘slab” ocean, instead of a
fully dynamical ocean. The oceanic
component is simplified, is only
thermodynamically coupled to the
atmosphere.

El Nada 0.05°C

EI Nada 0.15°C

EI Nada 0.25°C

EI Nada 0.35°C

Slab ocean

0.93 0.31 —0.62

0.03 0.16 -0.13

0.09 0.19 —0.11

0.14 0.18 0.21

0.27 0.19 —0.30

0.18 0.21 —0.17

Reconstructions of Nifio-3.4 temperatures are surprisingly
diverse for decades after the 1809 Mystery and 1815 Tambora
eruptions; the diversity is chiefly dependent on the assimilation
of corals or continental proxies. We investigated the source of
this persistent interproxy discrepancy by examining the influ-
ence of the PSMs, coral proxy records, and the fixed model
priors on the reconstructed Nifio-3.4 temperature. While the
coral 'O bivariate PSM is more physically realistic, it am-
plifies the incorrect covariance relationship from the SPCZ
region to the equatorial Pacific. The choice of a simplified
linear PSM for coral 8'80 is ultimately not a major factor in the
interproxy discrepancy. We find that many model priors ca-
pable of skillfully reconstructing the twentieth century gener-
ate unrealistic reconstructions during this interval due to the
covariance relationships in their surface temperature fields in
the equatorial Pacific. Covariance patterns associated with
ENSO dominate the post-eruption response and can generate
reconstructions at odds with results for proxies assimilated in
isolation, nearly all of which indicate cold conditions. In many
of the models considered in this study, the high anticorrelation of
the Nifio-3.4 and SPCZ regions causes the observations of per-
sistent cool anomalies in the SPCZ to provoke unrealistic, de-
cades long warm anomalies in reconstructions of the equatorial
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Pacific. This problem is not generic to all volcanic eruptions;
both the early-nineteenth-century proxy network distribution
and the exceptionally high-magnitude and successive nature of
the Mystery and Tambora eruptions likely amplify the biased
response. Later volcanic eruptions such as Krakatoa (1883) and
Pinatubo (1991) lack these characteristics and do not feature
similar interproxy discrepancies in the reconstructions.

This work emphasizes key differences in the magnitude and
persistence of the post-eruption response within proxy archives
and model simulations. We show that post-eruption covariance
patterns appear to be quite different from that of unforced
climate variability, even within the tropical Pacific. As such, we
advise caution when using modern teleconnection patterns to
interpret climate fields from proxies until covariance pattern
sensitivity has been thoroughly investigated. The fact that as-
similating individual records consistently reconstructs local
cooling suggest that pan-Pacific cooling after large volcanic
eruptions is a real feature of the climate system, although ap-
parently few models can simulate such a response. Many of the
models used in this study simulate a strong El Nifio-like re-
sponse in the annual mean following large eruptions, but our
results indicate that may not be realistic. In simulations from
the Past1000/Last Millennium experiments, large volcanic
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experiments.

eruptions provoke a short-term (on the order of a single year)
but high-magnitude surface temperature response in the SPCZ
region. However, proxy records suggest that volcanic eruptions
provoke a multidecadal yet lower-magnitude surface temper-
ature response in the SPCZ region. This observed cooling of
the SPCZ region can force the reconstruction to have an un-
realistically persistent, warm Nifio-3.4 anomalies due to the
SPCZ-Nifio-3.4 teleconnection in the prior. Further investi-
gation is required to evaluate if individual regions, such as the
SPCZ region, are more susceptible to persistent anomalies
following a volcanic eruption. If so, studies examining the dy-
namical mechanisms behind such persistence would be bene-
ficial. Moreover, many of the coral records from the tropical
Pacific do not span the years 1800-30, so additional coral rec-
ords covering this interval would be valuable.

This work illustrates both the power and a critical weak-
ness of paleoclimate data assimilation. It emphasizes the
potential of the paleoclimate data assimilation methodology to
examine the realism and robustness of proxy interpretations.
These results narrow the uncertainty of the tropical climate re-
sponse to the Mystery and Tambora volcanic eruptions of the
early nineteenth century, suggesting cooler conditions across the
tropical Pacific in the decades following the eruptions. However,
this work also illustrates the problems that can arise when the
climate model prior is strongly biased (such as the Pacific cold
tongue bias) or not relevant to outlier events. Future work using
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paleo-DA to examine the ENSO response large volcanic erup-
tions could be enhanced first with more proxy observations from
the central and eastern equatorial Pacific, and second through
the use of highly diverse simulations of volcanic eruptions as
a prior.
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