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Introduction

This supporting information provides supplementary figures cited in the main text, as
well as detailed information about the real- and pseudo-proxy reconstructions mentioned
in the main text. Text S1 details the settings of our LMR experiments. Text S2 de-
scribes the reconstruction experiment using the Northern Hemisphere Tree-Ring Network
Development (NTREND) (Wilson et al., 2016; Anchukaitis et al., 2017). Text S3 justifies
the choice of eruption key dates. Software tools used for the analysis in this study are

acknowledged in Text S4.

Text S1: Settings of the LMR framework

The reconstruction experiments in this study follow the general settings:

e Model prior: the isotope-enabled Community Earth System Model (iCESM) simu-
lation (Stevenson et al., 2019; Brady et al., 2019) is used as the model prior. We have
also tested using the CCSM4 last millennium simulation (Landrum et al., 2012) as model
prior (Fig. S2a, S14) and no significant difference is detected in the temperature response

to volcanic eruptions after 1400 AD.

e Ensemble design: 50 Monte Carlo iterations, each using a different randomly chosen
100-member ensemble states from the model prior, and 75% of randomly chosen available
proxy records for assimilation (25% for independent verification). This scheme was chosen
and explained in Hakim et al. (2016) to balance the needs of accuracy and uncertainty

quantification.
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e Localization scheme: the Gaspari-Cohn localization function (Gaspari & Cohn, 1999)

is used with a radius of 25,000 km (Tardif et al., 2019).

e Forward operator: As in Tardif et al. (2019), we use seasonal bivariate (tempera-
ture and moisture) linear regression for tree-ring width (TRW) records, seasonal univari-
ate (temperature) linear regression for maximum latewood density (MXD) records, and
annual univariate (temperature) linear regression for all other proxy types as the for-
ward operator in real proxy experiments. The forward operator is calibrated against the
Goddard Institute for Space Studies (GISS) Surface Temperature Analysis (GISTEMP)
(Hansen et al., 2010) instrumental observation and the gridded precipitation dataset from
the Global Precipitation Climatology Centre (GPCC) (Schneider et al., 2014) over the
timespan 1850-2015. In pseudoproxy experiments (PPE) the forward operator changes
according to the experiment (see main text), and is calibrated against the model’s true

state over the same interval.

Text S2: Reconstructions using the Northern Hemisphere Tree-Ring Network
Development (NTREND) network

The Northern Hemisphere Tree-Ring Network Development (NTREND) (Wilson et al.,
2016; Anchukaitis et al., 2017) consists of 54 tree-ring chronologies spanning parts of
North America and Eurasia. Of those 54 chronologies, 18 are pure maximum latewood
density (MXD), 13 are pure tree-ring width (TRW), and 23 are mixed composites of MXD

and TRW. The spatiotemporal sampling is shown in Fig. S7a, S7b.



X-6

As a benchmark, we first assimilate the whole NTREND network using the expert-
curated seasonality, and the superposed epoch analysis (SEA) shows a similar discrepancy
pattern as in IPCC AR5 Fig. 5.8b (Masson-Delmotte et al., 2013) (Fig. S8).

Applying our strategy for gap-bridging described in the main text, we assimilate only

the 18 pure MXD records, and reconstruct the boreal summer temperature field, and then
perform SEA at proxy locales. The result is shown in Fig. 4b ( main text), which shows
a better agreement between model simulations and the LMR reconstruction. Note that
since 18 records are very few, we assimilate all the records in each ensemble member of
assimilation, yield quite narrow uncertainty bands.
Text S3: Choice of eruption key dates Because superposed epoch analysis is an
averaging operation, it involves a tradeoff between, on the one hand, maximizing the
number of eruption key dates to reduce uncertainties, and on the other hand considerations
particular to each eruption.

We chose to exclude eruptions after 1850 because the PMIP3 past1000 protocol covers
only the period (850-1850), and we wanted to be able to compare the greatest number of
simulations to reconstructions.

When a cluster of eruptions are close to each other within 10 yrs, we select only the
last one to avoid conflating the response of one eruption within the recovery for a pre-
ceding event. Note that not all PMIP3 simulations use the same volcanic forcing dataset
(Schmidt et al., 2012), and that all differ from the more recent estimates of (Toohey &
Sigl, 2017), which is a source of differences between simulations, and between simula-

tions and reconstructions. Also note that neither 1452 nor 1459 (formerly attributed to
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the Kuwae caldera) is selected. According to Toohey and Sigl (2017), the 1452 event in
Gao, Robock, and Ammann (2008) was misaligned and is actually the 1459 event, so one
should select the 1452 event instead of the 1459 event for GCM simulations. However,
considering that the 1452 event is close to the 1459 event, we chose to skip both to avoid
introducing an obvious discrepancy source for the comparison between GCM simulations
and LMR reconstructions. Additionally, the 1761 and 1783 events are also skipped due
to issue of misalignment according to Stevenson, Fasullo, Otto-Bliesner, Tomas, and Gao

(2017) and Liicke, Hegerl, Schurer, and Wilson (2019).

Text S4: Software

All the analysis in this study was performed in the open-source Python programming
language (van Rossum & Drake Jr, 1995), version 3.7, with the following packages:

e numpy (van der Walt et al., 2011)

e scipy (Virtanen et al., 2020)

e pandas (McKinney, 2010)

e statsmodels (Seabold & Perktold, 2010)

e matplotlib (Hunter, 2007)

e seaborn (Waskom et al., 2018)

All reconstructions were performed with the Last Millennium Reanalysis fast implemen-
tation (LMRt), of Zhu, Emile-Geay, Hakim, Tardif, and Perkins (2019). This implementa-
tion yields nearly identical results compared to the official reconstruction (Fig. S2a), but

with additional features:
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e Greater flexibility
— Easy installation
— Easy importing and usage in Jupyter notebooks

— Easy setup for different priors, proxies, and Proxy System Models (PSMs)

e Faster speed
— Much faster PSM calibration due to optimization of algorithm

— Easy parallel computing with multiprocessing and other techniques

e More modular code structure
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Figure S1.  Data from the PAGES 2k network (PAGES 2k Consortium, 2017)
assimilated in LMR. (a) Spatial coverage by archive type. (b) Temporal availability by archive

type.
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Figure S2. (a) The reconstructed northern hemisphere mean temperature (NHMT) series using the official LMR,
implementation (Tardif et al., 2019) and the lightweight implementation used in our study LMRt (Zhu et al., 2019), using
the same CCSM4 model prior (Landrum et al., 2012) and the PAGES 2k phase 2 dataset (PAGES 2k Consortium, 2017).
(b) The LMR reconstructed NHMT series assimilating the PAGES 2k network, along with its model prior, the simulated
NHMT series from the isotope-enabled Community Earth System Model (iCESM) (Stevenson et al., 2019; Brady et
al., 2019). (c) The correlation between the surface temperature simulated by iCESM and the instrumental observation
Berkeley Earth instrumental temperature analysis (Rohde et al., 2013) over 1880 to 2000. (d) Same as (b) but for LMR
reconstruction assimilating the PAGES 2k network. The symbols follow that in Fig. S1.
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Figure S3. The pseudoproxy experiments (PPEs) that indicate the impact of spatial
coverage and seasonality on the correlation between reconstruction and the pseudo-
truth. (a) The pseudoproxies are generated as perfect temperature recorders of the annual
temperature simulated by iCESM, and the whole network is assimilated. (b) Same as (a), but
only 50 records over North America (NA) region are assimilated. (c¢) Same as (a), but only 50
records over Northern Hemisphere (NH) are assimilated. (d) Same as (a), but the pseudoproxies
are generated as perfect temperature recorders of the summer temperature simulated by iCESM,
and summer temperature field is reconstructed. (e) Same as (d), but annual temperature field
is reconstructed. (f) The correlation between annual temperature and summer temperature

simulated by iCESM.
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Figure S4. Impact of seasonality on the correlation between the reconstructions assimilating
the MXD network and the Berkeley Earth instrumental temperature analysis (Rohde et al.,
2013). (a) Reconstructing annual temperature (b) Reconstructing summer temperature. Note

that both experiments use real, not pseudo, proxies.

Table S1. Last millennium model simulations considered in this study

Model Experiment ID

iCESM (Stevenson et al., 2019; Brady et al., 2019) -

CESM1 (Otto-Bliesner et al., 2015) b.e11.BLMTRC5CN.f19 g16.001
BCC CSM1.1 (Wu et al., 2014) past1000 rlilpl

GISS-E2-R (Schmidt et al., 2006) past1000_rlilpl

HadCM3 (Gordon et al., 2000) past1000_rlilpl
IPSL-CM5A-LR (Dufresne et al., 2013) past1000_rlilpl

MIROC-ESM (Watanabe et al., 2011) past1000_rlilpl

MPI-ESM-P (Giorgetta et al., 2013) past1000_rlilpl

CSIRO (Rotstayn et al., 2012) past1000_rlilpl

CCSM4 (Landrum et al., 2012) past1000_rlilpl
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Figure S5. (a) The NH TRW composites compared to the seasonal observational temperature,
the Goddard Institute for Space Studies (GISS) Surface Temperature Analysis (GISTEMP)
(Hansen et al., 2010), at proxy locales. (b) Same as (a), but for MXD. (c¢) The composite
of the pseudoproxy that is generated as temperature smoother with a 5-yr moving average filter,

compared to the iCESM simulated temperature at the proxy locales.
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The temperature response to individual eruptions in LMR reconstructions

assimilating the whole PAGES 2k Network and GCM simulations, targeting NHMT. The blue

title denotes the 6 eruption events that are selected for SEA in our study.
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Figure S11. The temperature response to individual eruptions in LMR reconstructions assimi-
lating the PAGES 2k MXD Network and GCM simulations, targeting mean summer temperature
at proxy locales. The blue title denotes the 6 eruption events that are selected for SEA in our

study.
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Figure S12. The temperature response to individual eruptions in LMR reconstructions assimi-

lating the NTREND MXD Network and GCM simulations, targeting mean summer temperature

at proxy locales. The blue title denotes the 6 eruption events that are selected for SEA in our

study.
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Figure S13. Same as Fig. 4 (main text), but SEA takes all eruption events listed in Fig. S10.
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Figure S14. (a) Same as Fig. 1lc (main text), but using CCSM4 as prior. (b) Same as Fig.

4a (main text), but using CCSM4 as prior.
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Figure S15. Same as Fig. 1lc (main text), but using CCSM4 as prior and only showing the
reconstructions assimilating the PAGES2k TRW network, with both bivariate and univariate
forward operator calibration. The comparison indicates that moisture information does not

alleviate the issue of lagged response to volcanism in TRW records.
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Figure S16. (a) Same as Fig. Sla, but for proxies with start year older than or equal to 1257
AD. The shapes and colors denote each proxy type. (b) Ages of PAGES2k records. The shape

is same as in (a), while the colors denote different ranges of age.



