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The mean state of the tropical Pacific Ocean
differed between the Medieval Warm Period and
the Industrial Era
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Changes in the El Nifio Southern Oscillation over the last few decades have been linked
to anthropogenic greenhouse gas emissions; however, the sign, magnitude, and drivers of
these variations during the Common Era are not yet well constrained. Here, we present an
1800-year reconstruction of the El Nifio Southern Oscillation mean-state derived from pre-
cipitation reconstructions based on lake sediments in East Asia and examine the long-term
changes in the mean state and variance of the tropical Pacific. We find that the Medieval
Warm Period was characterized by La Nifia-like states with low variance, whereas El Nifio-like
states prevailed during the Little Ice Age and the Current Warm Period with high variance.
Temperature changes caused by effective radiative forcing were probably the drivers of this
response during the pre-industrial period, whereas greenhouse gas forcing likely accounts for
the variations in the tropical Pacific mean-state during the industrial period.
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by a seesaw pattern of SST and atmospheric pressure

between the eastern and western tropical Pacific that
influences climate across the globe through atmospheric
teleconnections! 3. The responses of ENSO variations to tropical
Pacific mean-states under increased greenhouse gases are not yet
well constrained*°. Understanding the natural variability of
ENSO and its responses to different tropical Pacific climatic mean
states in the pre-industrial period are essential for validating
climate models and predicting its future behavior under global
warming’8.

Tropical Pacific observational data, covering only about the
past 150 years, are too short to allow for the investigation of the
long-term changes in mean state, which further limits how we can
explore the relationship between ENSO variability and mean
states. Paleoclimate datasets and climate models provide insights
to determine the characteristics of the mean state. Southern
Oscillation Index (SOI) reconstructions, sea surface temperature
(SST) records in the central or eastern Pacific, and zonal SST
gradients across the tropical Pacific are often used as benchmarks
for the tropical Pacific mean state over the past millennium?®-10,
Negative (positive) SOI, warmer (cooler) eastern Pacific SSTs, and
a decreased (enhanced) zonal SST gradient on interdecadal and
centennial time scales indicate an El Nifio-like (La Nifa-like)
state(collectively referred to in this study as the mean state of the
tropical Pacific). To date, changes in the mean state of the tropical
Pacific in the pre-instrumental period have been reconstructed
mostly from SST records and/or the oxygen isotope composition
of corals and surface-dwelling foraminifera in the western, cen-
tral, and eastern Pacific Ocean® !4, They indicate that La Nifia-
like conditions were more common during the Medieval Warm
Period (MWP; ~1000-1300 CE), as compared to the Little Ice
Age (LIA; ~1400-1850 CE) when El Nifo-like conditions were
more common. Yet, according to climate models even small El
Nifio-related tropical SST anomalies that are undetected by
paleotemperature proxies can lead to discernible local precipita-
tion anomalies!”. Therefore, alternative hydrological records in
the equatorial Pacific region!>!8 have been used to reconstruct
past SOI to explore changes in mean state!®. In contrast to SST-
inferred changes in mean states, the SOI reconstruction based on
hydroclimate reconstructions indicates a prevalence of El Nifo-
like states during the MWP and La Nifia-like states during the
LIA!S, Climate model simulations also yield contradictory
changes in mean states during the last millennium!>1%20. To
reconcile these opposing views of last-millennium changes in
mean state it is argued that precipitation changes in the tropical
Pacific are influenced by both meridional movements of the
Intertropical Convergence Zone (ITCZ) and zonal changes in the
Pacific Walker Circulation (PWC)1821-23 complicating their use
as a strict indicator of the mean state of the tropical Pacific.

Given the lingering debate amongst climate researchers about
natural changes in the tropical Pacific mean-state during the two
largest climate perturbations (the MWP and the LIA) of the last
millennium, there is a clear need for additional mean state
reconstructions, particularly hydroclimate records that are not
influenced by ITCZ variations that may occur in the absence of
changes in mean state. The East Asian region, particularly eastern
China, is outside the direct influence of the ITCZ. A strong tel-
econnection between precipitation in East Asia and SST
anomalies has been previously established, with changes of SST
patterns in the eastern equatorial Pacific (i.e., the mean state of
the tropical Pacific) associated with coherent rainfall changes in
East Asia on interdecadal?4, centennial?2:23:25:26, and millennial
timescales?”-28. Specifically, observational data showed that a
decrease (increase) of average summer precipitation in the Jiang-
Huai (JH) region (North China (NC) region) that temporally

The El Nifio-Southern Oscillation (ENSO) is characterized

coincided with the La Nifia-like state (i.e., positive SOI) that
prevailed from 1951 to 1978 CE, and increased (decreased) pre-
cipitation in the JH region (NC region) from 1979 to 1992 CE
that coincided with the El Nifo-like state during that time (i.e.,
negative SOI) (Fig. S1). Likewise, a decrease (increase) of pre-
cipitation in the JH (NC) region was found to coincided with the
La Nina-like states of the tropical Pacific that prevailed during the
MWP and mid-Holocene20-28, The unique location and tele-
connection to the tropical Pacific make hydroclimate recon-
structions from the East Asian region well suited for
reconstructing the mean state of the tropical Pacific.
Precipitation changes in the JH region tend to be opposite
those in the NC region and are closely related to the mean state of
the tropical Pacific (Fig. 1; Supplementary Table S1). We utilized
precipitation reconstructions from Lake Nvshan (in JH region)
and Lake Gonghai (in NC region) to produce an 1800-year index
of the tropical Pacific mean-state that is compared to global mean
temperature (GMT) reconstructions to decipher causal mechan-
isms responsible for the changes in the mean state that could be
linked to effective solar irradiance and greenhouse gas con-
centrations. The results provide new insights into changes in
mean state and their forcing on centennial timescales over the
past millennium, and contribute to an improved understanding of
the response of tropical Pacific variability to different mean states.

Results and discussion

Spatial modes of precipitation in East Asia linked to tropical
Pacific SSTs. Twenty precipitation reconstructions from East
Asia that span the last millennium were divided into two types
according to the classification method of dry-wet grades?3
(Fig. 1). Most precipitation records from the JH region show
enhanced (diminished) precipitation during the LIA (MWP) (Fig.
S2). In contrast, most precipitation records from the NC region
and the South China (SC) region indicate diminished (enhanced)
precipitation during the LIA (MWP) (Figs. S3 and S4). The LIA
(~1400-1850 CE) was characterized by Northern Hemisphere
temperatures about 0.5°C cooler than the mean temperature
during the instrumental period (1961-1990 CE)!2:2930, The MWP
(~1000-1300 CE) was the most recent pre-industrial era warm
interval and was characterized by Northern Hemisphere tem-
peratures close to the mean temperature during the instrumental
period (1961-1990 CE)!2:2930, Both periods are thought to have
been forced by combinations of solar irradiance, volcanic activity,
greenhouse gases, and land use changes!®31-33, Previous studies
have found significant hydroclimatic anomalies on both regional
and global scales during these two periods?!-34-37. Furthermore,
the JH region was characterized by a “warm-dry, cool-wet”
condition, while the NC region was characterized by a “warm-
wet, cool-dry” condition during the last millennium?2°. The spatial
pattern of centennial summer precipitation variability in East
Asia shows a tripole “dry-wet-dry” pattern during the LIA and a
“wet-dry-wet” pattern during the MWP20 (Fig. S5). This is the
same precipitation tripole pattern that occurred during El Nino-
like state from the instrumental period (Fig. 1).

Previous studies reveal a close relationship between precipita-
tion variations in East Asia and tropical Pacific SST patterns over
the past millennium that are attributed to the systematic changes
in the zonal atmospheric circulation2>-28:38, Enhanced precipita-
tion in the JH region and diminished precipitation in the NC
region significantly modulated by eastern tropical Pacific SST
anomalies (i.e., El Nino-like) as demonstrated by observational
data?4, paleoclimate datasets2°~28, and climate models38-41,
Ascending motion over the eastern tropical Pacific caused by
warm SST anomalies induce anticyclonic motion and subsidence
over the western tropical Pacific region38. This process

2 COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:74 | https://doi.org/10.1038/s43247-023-00734-4 | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/543247-023-00734-4

ARTICLE

(mm/month)

130°E

45°N ' I !

35°N

25°N
® Dry
® Moderately dry
® Moderately wet
@ Wet

15°N

40

w
N

N
g

N
»

o

|
oo

N
o

NS
=~

do
K

A
o

o

Fig. 1 Map of June-August precipitation anomalies during El Nifio-like state in East Asia with the locations of last millennium precipitation
reconstructions used in this study. Locations that were wetter during the LIA than during the MWP are indicated by blue symbols, while those that were
drier during the LIA than during the MWP are indicated by red symbols. The stars denote the precipitation records used for reconstruction of the index of
the tropical Pacific mean-state in this study (see Supplementary Table S1). Background shading shows the empirical orthogonal function mode 1 (EOF1) of
instrumental (GPCP) summer (June-August, JJA) precipitation anomalies over East Asia during the 17 ENSO events that occurred between 1960-2020 CE
(same as an El Nifio-like state), which indicated an increase (decrease) of summer precipitation in the JH region (NC region) under an El Nifio-like state.
That areas with positive precipitation anomalies are shaded in blue, while those with negative precipitation anomalies are shaded in red. The dashed
rectangular boxes indicate the tripole pattern of precipitation anomalies in East Asia that are the basis for reconstructing the mean state of the tropical

Pacific from East Asian JJA precipitation records.

strengthens the Western Pacific Subtropical High (WPSH) and
results in more water vapor within the JH region, and less water
vapor within the NC region. The simulation results show that a
weaker (eastward) WPSH occurred during the MWP and a
stronger (westward) WPSH occurred during the LIA*2, which
support the interpretation that the precipitation in eastern China
is linked to the mean state of the tropical Pacific via a
teleconnection involving the WPSH. Modern observational data
also support this teleconnection between East Asia and the
tropical Pacific (Fig. S6). A persistent La Nifa-like state from
~1960 to 1980 CE was associated with a weaker WPSH and
diminished (enhanced) precipitation in the JH (NC) region, while
persistent El Nifio-like states were associated with a stronger
WPSH and enhanced (diminished) precipitation in the JH (NC)
region from ~1980 to 2000 CE>428:43 (Fig, $6).

An 1800-year record of the tropical Pacific mean-state from
East Asia. As demonstrated by the close link between WPSH-
dominated precipitation in East Asia and tropical Pacific mean-
states, the tropical Pacific SST pattern dominates East Asian
precipitation and its associated atmospheric circulation
anomalies36-41:44 We therefore propose that precipitation
records from the JH region and NC region, characterized by an
antiphase response during the LIA and the MWP, are robust
indicators of decadal-to-centennial changes in mean states.
Considering their high temporal resolution and excellent age
control (see Supplementary Table S1), we focus on the pre-
cipitation records from Lake Nvshan (in the JH region; blue star

in Fig. 1)*! and Lake Gonghai (in the NC region; red star in
Fig. 1) to reconstruct an index of the tropical Pacific mean-state
over the past 1800 years (Fig. 2). The reconstruction of JH region
precipitation is based on sediment redness (a*/L* ratio)*!. The
sediment redness reflects sedimentary redox conditions that are
sensitive to the changes of lake water level. Increased lake water
levels cause reducing conditions and a blue-gray sediment color,
while decreasing lake water level causes well-oxygenated condi-
tions and red colored sediments*!. As such, the sediment redness
parameter (a*/L* ratio) indicates the precipitation-induced water
level in Lake Nvshan, and thus can be used to reconstruct pre-
cipitation. The rainfall reconstruction from the NC region is
based on pollen assemblages*>. The pollen data were transformed
into a proxy for annual precipitation based on the correlation
between modern surface pollen distributions and precipitation®°.

The reconstructed index of the tropical Pacific mean-state has
four distinct centennial-scale phases over the past 1800 years
(Figs. 2c and S7, see Supplementary Data). Negative Z-scores
from 250 to 850 CE and 1050 to 1300 CE imply a more La Nifia-
like condition, whereas positive Z-scores from 950 to 1050 CE
and 1400 to 1950 CE imply a more El Nifio-like condition
(Fig. 2c). The LIA was characterized by an El Nifo-like state, and
the MWP was characterized by La Nifna-like state. To further
confirm the reliability of our record we compared it to previous
mean state reconstructions based on tropical Pacific SSTs%14:46,
tropical Pacific hydroclimate!®, and Asian-Australian monsoon
(AAM) region stalagmite 8180 Z-scores’’” over the past
millennium, respectively (Fig. 3).
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Fig. 2 Index of the tropical Pacific mean-state reconstruction over the
past 1800 years from precipitation anomalies in East Asia. a Normalized
precipitation record based on sediments redness (a*/L* ratio) from Lake
Nvshan, in the JH region of east-central China#!, b normalized pollen-based
precipitation reconstruction from Lake Gonghai in the NC region of
northern China%>, ¢ index of the tropical Pacific mean-state as the
difference between the reconstructed precipitation records from Lake
Nvshan and Lake Gonghai. High precipitation and positive index are colored
blue and low precipitation and negative index are colored red. The MWP
period is shaded in yellow, and the LIA period is shaded in light blue.

The index of the tropical Pacific mean-state time series derived
from lake sediments in the JH and NC regions of East Asia closely
covaries with the time series of the zonal SST gradient in the
tropical east-west Pacific®® (r= —0.76, p<0.01), the composite
8180 Z-scores of speleothems in the AAM region?’(r=0.42,
p<0.05), SST reconstructions in the central tropical North
Pacific’, and zonal SST gradient in the equatorial Pacificl%.
Negative Z-scores of our index during the MWP that correspond
with an increase in the zonal SST gradient across the tropical
Pacific, a positive excursion in Northern Line Islands coral §180
values, and a negative excursion in composite stalagmite §180
Z-scores in the AAM region imply a La Nina-like condition
during the MWP. Opposite conditions during the LIA conversely
imply a persistent El Nifo-like condition (Fig. 3a-d). Extra-
tropical factors influencing the teleconnections between Pacific
SST patterns and East Asian precipitation, such as the type of
ENSO (Central Pacific (CP) type or Eastern Pacific (EP) type),
have been proposed to influence the stationarity of teleconnec-
tions. However, the Coral 8§80 (mean value) record from the
central Pacific® and the SST reconstruction from the eastern
Pacific!! indicated that the CP ENSO and EP ENSO are
covariable on the centennial timescale over the past millennium.
We therefore propose that the index of the tropical Pacific mean-
state reconstructed from East Asian precipitation records can be
used to infer changes in the mean state of the tropical Pacific on
centennial and longer time scales. This conclusion is supported by
the observed covariation between the index of the tropical Pacific
mean-state and the instrumental SOI from 1880 to 2005 CE on a
decadal timescales (Fig. S8).
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Fig. 3 Comparison of the index of the tropical Pacific mean-state
reconstructed from East Asian precipitation with other SST pattern
reconstructions of the tropical Pacific. The index of the tropical Pacific
mean-state from this study is plotted in each panel with a dark blue line.
a Reconstructed zonal SST gradient across the tropical Pacific from the
combined Indo Pacific Warm Pool (IPWP) and eastern equatorial Pacific
(EEP) SST records#® (red). b Composite stalagmite §'80 Z-scores in the
Asian-Australian monsoon region?” (green). ¢ Coral 8'80 values from
Palmyra Island (6°N, 162°W) in the central tropical North Pacific® (orange).
d Reconstructed zonal SST gradient across the tropical Pacific from the
combined western Pacific warm pool (WPWP) and EEP SST records' (light
blue). e Reconstructed SOI based on precipitation in the tropical Pacific'®
(pink). The yellow shading indicates the MWP, the blue shading indicates
the LIA, and the red shading indicates the CWP.

However, the changes in mean state inferred from our record
during the last millennium are opposite to those inferred from
tropical Pacific Ocean hydroclimate variations!® that indicate an
El Nifio-like pattern during the MWP and a La Nina-like pattern
during the LIA (Fig. 3e). Changes in mean state inferred from SOI
reconstructions are related to equatorial Pacific hydroclimate
variations, and those inferred from our record are related to SST
pattern variations. Hydrological changes in the equatorial Pacific
are strongly modulated by both ENSO (which causes zonal
changes) and the position of the ITCZ (which causes meridional
changes), especially on centennial timescales?!-2348, Precipitation
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variations in the Galdpagos Islands (eastern equatorial Pacific)
over the past millennium have been linked to the north-south
movement of the ITCZ?2, not just by ENSO. It is therefore
possible that an SOI reconstruction based on hydrological climate
variations in the equatorial Pacific are impacted by the ITCZ and
ENSO (Fig. 3e) that are difficult to separate. What’s more,
changes in precipitation over the past millennium in the
Galapagos Islands, which was used to reconstruct the SOI, are
not always in agreement!>#8. Galdpagos precipitation recon-
structed from paired hydrogen isotope ratios from microalgal and
mangrove-derived sedimentary lipids in a coastal lake indicate a
drier climate during the MWP and a wetter climate during the
LIA*, whereas Galdpagos precipitation reconstructed from
sediment grain size in a high-elevation lake imply a wetter state
during the MWP and a drier state during the LIA!>. Furthermore,
the ENSO record based on red color intensity from Lake
Pallcacocha sediments in the eastern tropical Pacific, has been
reinterpreted as an unreliable ENSO indicator?®. It is possible that
these precipitation records were impacted by varying influences
of SST pattern variations and ITCZ variations and that the
discrepancies between the tropical Pacific mean-state reconstruc-
tions from SST and hydrological proxies in the equatorial Pacific
may be due to interference from changes in the ITCZ and not just
the SST pattern. Given the close covariation between the tropical
Pacific mean-state reconstruction from East Asia and the mean
state reconstructions from zonal SSTs in the tropical Pacific, coral
8180 in the Northern Line Islands, and composite stalagmite
8180 in the AAM region (Fig. 3a-d) that are not based on tropical
Pacific hydroclimate directly as support for the veracity of the
tropical Pacific mean-state reconstruction from East Asia. If that
is the case then the MWP was La Nifa-like and the LIA was El
Nifio-like.

Possible forcing mechanisms of changes in the tropical Pacific
mean-state over the past millennium. The “ocean dynamical
thermostat” mechanism, which favors the greater sensitivity of
western equatorial Pacific (WEP) SSTs to radiative forcing rela-
tive to eastern equatorial Pacific (EEP) SSTs (less warming in the
EEP compared with the WEP), has been invoked to explain the
changes in the tropical Pacific mean-state over the past
millennium®0. Accordingly, increased radiative forcing across the
equatorial Pacific (&/or globally) would drive the tropical Pacific
into a La Nina-like state because it would warm the WEP more
than the EEP and strengthen the Walker circulation®®. Con-
versely, reduced radiative forcing would weaken the Walker cir-
culation and drive the tropical Pacific toward an El Nifo-like
state®?, Throughout the pre-industrial era our reconstructed
mean state variations closely covary with total solar irradiance®!
(TSL, Fig. 4d) (r=—0.61, p<0.01) and effective radiative
forcing®? (Fig. 4c) (r = —0.52, p < 0.05), which includes both solar
and volcanic forcing, in addition to global mean temperature>?
(GMT; Fig. 4a) (r=—0.75, p<0.01), and northern hemisphere
temperature®® (NHT; Fig. 4b) (r=—0.59, p<0.01). Negative
Z-scores in our record, indicative of La Nifia-like conditions,
coincide with periods of high radiative forcing and GMT, such as
during the MWP, while positive Z-scores, indicative of El Nifio-
like conditions, are concurrent with periods of lower radiative
forcing and GMT, such as during the LIA (Fig. 4). The associa-
tions between greater radiative forcing, warmer GMT, and La
Nifa-like conditions during the MWP, and lower radiative for-
cing, colder GMT, and El Nifno-like conditions during the LIA,
are consistent with the “ocean dynamical thermostat” mechanism
(Fig. 4)°0, although other simulations argue that the response of
tropical Pacific mean states to greater (lower) radiative forcing is
an El Nifo-like (La Nifia-like) state>*->%, The deeper thermocline
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Fig. 4 Comparison of the index of the tropical Pacific mean-state

from East Asia with possible forcing mechanisms. The index of the
tropical Pacific mean-state reconstructed from East Asian lake sediments in
this study is shown by the dark blue line in each panel. a Modeled global
mean temperature (GMT) from an ECHO-G model simulation (red)>2.

b Northern Hemisphere temperature (NHT) reconstructions from proxy
records (green)®3. ¢ Time series of effective radiative forcing integrated
from global volcanic aerosols and solar irradiance (pink)>2. d Total solar
irradiance (TSI) derived from the common fluctuations in the production
rates of the cosmogenic nuclides of 4C and '°Be production rates
(orange)>. e Global CO, concentration (light blue)’9. Correlation
coefficients and p-values between the index of the tropical Pacific mean-
state and time series of forcing mechanisms during the pre-industrial era
(1000-1850 CE) are shown in each panel. The yellow shading indicates the
MWP, the blue shading indicates the LIA, and the red shading indicates
the CWP.

in the WEP relative to the EEP, where upwelling causes shoaling
of the thermocline, results in a greater sensitivity of WEP SSTs.
During the MWP, when radiative forcing was higher (Fig. 4c, d),
a larger zonal SST gradient characterized the tropical Pacific
(Fig. 3a)°0. This increased zonal SST gradient would have
strengthened trade winds, cooled EEP SSTs via the upwelling of
cold water, and further enhanced trade winds via the Bjerknes
feedback. The resulting state of the tropical Pacific would have
been La Nina-like during the MWP. The opposite situation, in
which lower radiative forcing caused a reduced zonal SST
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gradient would have resulted in an El Nifio-like state during the
LIA46:50,

However, the “ocean dynamical thermostat” mechanism is
difficult to reconcile with more El Nifio-like conditions during the
CWP inferred from our record of the tropical Pacific mean-state
and the zonal SST gradient in the tropical Pacific, since GMT
continuously increased during this period (Fig. 4). Such an mean
state during the CWP cannot be explained by the “ocean
dynamical thermostat” mechanism, but is nevertheless consistent
with some general circulation models (GCMs) that indicate a
weakening of the Pacific Walker circulation, resulting in El Nifio-
like conditions, under global warming®”->8, Warming increases
the moist static energy in the atmosphere by a greater amount
than the energy transports associated with precipitation. The
increased moisture must be transported from the atmospheric
boundary layer to the free troposphere, and this projects a
weakening of Walker circulation and a weaker SST gradient (EI
Nifio-like)>7-58.

Differing impacts of radiative forcing caused by greenhouse
gases and insolation on tropical Pacific climate have been
observed in coupled ocean-atmosphere GCMs”®. When warm-
ing is caused by increased greenhouse-gas forcing, the zonal
SST gradient across the equatorial Pacific decreases, whereas
when the warming is caused by increased effective radiation
forcing, the zonal SST gradient increases®2. Lacking any strong
greenhouse gas forcing in the pre-industrial period (before
~1850 CE)>? (Fig. 4e), we suggest that the “ocean dynamical
thermostat” mechanism was responsible for the La Nifa-like (EI
Nifno-like) conditions during the MWP (LIA) when radiative
forcing was enhanced by greater TSI and reduced volcanic
aerosol loading of the atmosphere®®. During the industrial
period (post-1850; CWP), when increased greenhouse gas
concentrations dominated the radiative forcing, the zonal SST
gradient may have diminished, resulting in an El Nifo-like
state>*-38 (Fig. 4e), although studies to the contrary suggest that
the rise in greenhouse gases corresponds to an enhanced zonal
SST gradient (El Nifio-like)*%0. Our reconstruction, together
with some climate model simulations>2->4->8, have implications
for projecting future global changes when increased anthro-
pogenic greenhouse gas forcing will promote a more El Nino-
like state.

Changes in variability and mean state of the tropical Pacific.
Our new tropical Pacific mean-state reconstruction allows
assessment of the evolution of tropical Pacific SST pattern
variability on centennial timescale under the La Nifia-like state or
El Nifo-like state over the past millennium. Our record was
processed using a 50-yr Lanczos high-pass filter, and then a 100-
yr running biweight variance was calculated to infer tropical
Pacific variability on centennial timescales (Fig. 5). Our variance
record reveals large fluctuations on centennial timescales over the
past millennium. The lowest variance (~0.25) occurred during the
MWP. It then increased starting ~1400 CE and reached ~0.5
around 1500 CE. During the remainder of the LIA the variance
decreased until 1600 CE (>0.25) before rising sharply to ~1.0
around 1650 CE and remaining high until to the CWP. Overall,
the centennial scale variance during the LIA and CWP was sig-
nificantly higher than during the MWP. A spectral analysis®! and
wavelet transform®? of the data clearly show a shift in periodicity
between the MWP and the LIA, from a ~250 yr cycle to ~130 yr
cycle (Fig. S9).

The changes in our tropical Pacific variability record are
supported by other ENSO variance records spanning the last
millennium, such as the North American Drought Atlas’
(r=0.78, P<0.05) (Fig. 5b), the standard deviation of coral
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Fig. 5 Comparison of records of the tropical Pacific variability. The
tropical Pacific SST pattern variance in this study is shown by the dark
blue line in each panel. a 8’80, variance from planktonic foraminifera in
ocean sediment core KNR195-5 MC42C in the eastern equatorial Pacific
(red)™. b ENSO variance record from the North American Drought Atlas
(75-yr smoothing, green)’. ¢ The standard deviation (SD, 50-yr sliding
window, an indicator of variability on the interdecadal timescale) of coral
8180 values from Palmyra Island (orange)®. The yellow shading indicates
the MWP, the blue shading indicates the LIA, and the red shading
indicates the CWP.

8180 values at Palmyra Island® (Fig. 5¢), and the 8180 variance of
planktonic foraminifera from marine sediments in the eastern
equatorial Pacific!* (r = 0.47, P = 0.058) (Fig. 5a). Together, those
records show broadly consistent changes: a lower variance during
the MWP and a higher variance during the LIA and the CWP. As
mentioned above, the MWP was characterized by a La Nifia-like
state, whereas the LIA and the CWP were characterized by El
Nifo-like states (Fig. 4). It is worth noting that the tropical Pacific
variability and mean state generally correspond well on multi-
centennial timescales. Tropical Pacific variability was greatly
reduced under a La Nifa-like state and increased under an El
Nifo-like state, which is supported by paleo-ENSO variance
reconstructions’ and model simulations®»#%3. This relationship
may be explained by a positive feedback between ENSO variance
and mean state>*, whereby increasing ENSO variance causes an
El Nifo-like state, while an El Nifio-like state in return amplifies
ENSO variability. Therefore, like the changes in mean state,
tropical Pacific variability also showed opposite responses during
the MWP and the CWP.

Conclusions

This study presents an 1800-yr reconstruction of the mean state
of the tropical Pacific based on precipitation records derived
from lake sediments in East Asia where rainfall is closely linked
to SST anomalies via an atmospheric teleconnection. It indicates
a La Nina-like state in the tropical Pacific with decreased var-
iance during the MWP, and an El Nifo-like state with increased
variance during both the LIA and the post-1850 CE period.
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These results confirm the different responses of the mean state
of the tropical Pacific to global temperature changes before and
after the industrial period derived from model simulations, and
reconciles the difference between reconstructions of the mean
state of the tropical Pacific based on SST and hydroclimate
variations. Nonetheless, given the multiple drivers of hydro-
climate proxies in the equatorial Pacific, additional high-
resolution reconstructions from other ENSO-teleconnected
regions would aid in understanding the forcing mechanisms
causing long-term changes in the mean state of the tropical
Pacific during the Common Era.

Methods

Precipitation records collection and classification. To study the precipitation
spatial pattern in East Asia during the LIA and the MWP, published paleo-
precipitation records were collected based on the following criteria: (1) study sites
must be located in East Asia and outside the direct influence of the ITCZ; (2) the
chronology of each record was sufficient to identify the the LIA and MWP periods;
(3) the average temporal resolution was <70 years; 4) precipitation proxies applied
are well accepted. In total, 20 records satisfied these criteria and were selected for
consideration in this study (Supplementary Table S1).

The classification of dry-wet climate for each precipitation record during the LIA
and the MWP is taken from previous study?®. (1) The paleo-precipitation records
were first linearly interpolated to their average resolution during the past millennium;
(2) The Mi (median for each record) was calculated, in order to represent the normal
level (indicated “moderate climate”) and avoid the influence of extreme values on the
entire time series; (3) The interpolated values indicating a dry or wet climate during
the MWP (LIA) were compared to the Mi (median for each record) of the entire time
series, respectively. If 2/3 or more of the observations within the MWP (or LIA)
period that were wetter than the median value (Mi) for the full record, the climate
condition for that period was classified as “wet”. If 1/2-2/3 of the observations were
wetter than Mi, the climate condition for that period was classified as “moderately
wet”. If 2/3 or more of the observations within the MWP (or LIA) period that were
dryer than the median value (Mi) for the full record, the climate condition for that
period was classified as “dry”. If 1/2-2/3 of the observations were drier than Mi, the
climate condition for that period was classified as “moderately dry”.

Construction of the index of the tropical Pacific mean-state. The precipitation
record reconstructed from Lake Nvshan (in JH region) has an average resolution of
1.4 years, and that from Lake Gonghai (in NC region) of 5.6 years. We first
adjusted the two precipitation records to 5-year resolution using Acycle2.4.1%4, and
then normalized the interpolated precipitation records to the standard Z-score, and
calculated the index of the tropical Pacific mean-state for the past millennium!6:

Z=(X-V)/SD 1)

where X is the original value, V and SD are the average and standard deviation of
the time series, and Z is the normalized result.

Finally, the index of the tropical Pacific mean-state was constructed by
subtracting the normalized NC region precipitation record from JH region
precipitation record (Fig. 2):

Zindex) = Zn — Znc (2)

where Zjj; and Zyc are the normalized Z-scores of the precipitation from Lake
Nvshan (in JH region) and Lake Gonghai (in NC region), respectively. Negative
(positive) Z-scores represent more La Nifa-like (El Nifo-like) conditions over the
past millennium.

Error estimations for the derived index of the tropical Pacific mean-state are
provided in ref. 16, The index of the tropical Pacific mean-state error arises from
chronological uncertainties and proxy analytical uncertainties. The chronological
uncertainties for the Lake Nvshan and Lake Gonghai records were obtained from
the Bayesian age model software BACON in the R programming package® based
on a 5 (Lake Nvshan) or 8 (Lake Gonghai) AMS 14C dates on terrestrial plant
residues*!4>. The sediment redness measurements upon which the Lake Nvshan
precipitation reconstruction is based had an analytical uncertainty of +0.5-1%*%l,
while the uncertainty in reconstructed rainfall from the Lake Gonghai pollen
record is +88 mm/yr®>.

Monte Carlo simulations were used to determine the uncertainty of the index of
the tropical Pacific mean-state. The simulation of dating uncertainties was based on
the assumption that the effect of the dating uncertainty is roughly equivalent to
temporally shifting the time series by the dating error. Then the minimum and
maximum index values were calculated in the window of the dating error and
assigned the index value to an evenly distributed random number between the
minimum and maximum values. After application of this noise, both records were
normalized to the standard Z-score; the difference between the two records was
recalculated and denoted as the index of the tropical Pacific mean-state (see
“Methods” above). The Monte Carlo simulation was repeated 1000 times, resulting
in 1000 records of the tropical Pacific mean-state, from which the standard

deviation was calculated for each age point. This uncertainty of the index is
presented as the standard deviation confidence intervals (Fig. S7).

Statistical significance test. The Pearson correlation coefficient r is used to test
the correlation of two time series A and B, using the equation:

r= Y (e —a,)(b —b,)
(n = 1)s,s,

where n is the number of samples of the time series A and B, a,, and b, are the
sample means of A and B, and s, and s, are the sample standard deviations of A
and B.

The lower degree of freedom associated with relatively short length and auto-
correlations between the two-time series also must be considered based on the
effective number of independent values®®. Firstly, DT (the time between

(3)

independent values) was calculated using the equation®”-68;
1+r,r
DT = THrn 4)
1—r,r,

where r, and n, are the lag-1 series correlation of the time series A and B.
Then, N (the effective number of independent values) was calculated from the
equation:

Neg = n/DT (5)

Finally, the P-value corresponding to N.g (see Supplementary Table S2)
according to the significance correlation coefficient test table®.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data for the index of the tropical Pacific mean-state are available online for
download at figshare (https://doi.org/10.6084/m9.figshare.22140608).
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