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precipitation change over East China in

mid-18th century

M| Check for updates

Gebanruo Chen'??, Xiangyu Li® '*
Jing Gao ®2

, Zhiging Xu®, Yong Liu® '#, Zhongshi Zhang ® '*, Shiyu Shao' &

There have been few case studies of the relationship between the Pacific Decadal Oscillation (PDO)
and the East Asian climate before the pre-industrial era with limited anthropogenic impacts. Using the
CESM Last Millennium Ensemble (CESM-LME) simulation with reconstruction evidence, we showed
that there was an interdecadal transition of the summer precipitation in East China, with the pattern of
“southern flooding and northern drought” in the mid-18th century. The interdecadal transition was
influenced by PDO, as suggested by both the reconstruction evidence and simulation. Corresponding
to the positive PDO phase change, the East Asia-Pacific pattern teleconnection wave train propagated
northward and modulated the circulation and precipitation in East China, together with the southward
movement of the East Asian westerly jet. The volcanic double or clustered eruptions are thought to
have played a crucial role on the shift of the PDO phase and the decadal summer climate change over
East China during the mid-18th century. Incorporating volcanic activity in a reasonable manner would
likely improve decadal simulations of East Asian climate in the past and predictions in the future.

Investigating and predicting interdecadal climate change is a challenging
endeavor and constitutes a fundamental aspect of the International Coupled
Model Intercomparison Project Phase Six'~. However, our understanding
of the factors and mechanisms driving the interdecadal climate change,
particularly concerning the Asian summer monsoon, remains limited”. In
comparison to other time scales, the temporal evolution and spatial patterns
of the Asian summer monsoon at interdecadal scales exhibit greater
uncertainties*”. The interdecadal variation of summer precipitation in East
China is influenced by both internal variability within the climate system
and external forcing factors. These external factors include increases in
greenhouse gases, anthropogenic land cover change, volcanic eruptions, and
solar irradiation. The external forcing could also influence the internal
variability, such as Pacific Decadal Oscillation (PDO) and Atlantic Multi-
decadal Variability’"’. These external factors contribute to the complex
interplay that shapes the interdecadal variability of the Asian summer
monsoon and its associated precipitation patterns in East China.

The PDO is an internal variability that significantly influences the
interdecadal variation of summer precipitation in East China®'*", through
teleconnections originating from tropical and mid-to-high latitudes. The
PDO-related sea surface temperature (SST) anomalies trigger subsequent

changes in tropical convection and precipitation, which can impact the
climate pattern in East Asia through a meridional wave train of Pacific-
Japan or East Asia-Pacific'*”. Additionally, the PDO can influence the
interdecadal summer precipitation over East China through teleconnection
wave trains at mid-to-high latitudes along the Asian westerly waveguide.
This influence is dependent on the stage evolution of the PDO and can be
altered by the phase of Atlantic Multidecadal Oscillation'**"*~*. Further-
more, the PDO can also modulate the intensity of the westerly jet'*”” and the
Western North Pacific subtropical high®, thereby affecting the interdecadal
summer precipitation in East China.

However, it is important to note that internal climate variability factors
like the PDO can also be influenced by external forcing factors, such as
changes in greenhouse gas concentrations™***. In response to variations in
CO, concentration that induce global warming or cooling induced, the
amplitude of the PDO can undergo significant alternations. These changes
occur due to alternations in the meridional temperature gradient and air-sea
feedback™"*. Additionally, the time scale of PDO can vary due to changes in
the intensity of ocean stratification and phase speed of internal Rossby
waves’. The influence of CO, fluctuation on the PDO suggests that our
current understanding of the relationship between the PDO and the East
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Asian monsoon is based on a combination of external forcing, such as
greenhouse gases, internal variability, and the modulation of external for-
cing on the internal variability. This highlights the complex interplay
between external forcing factors and internal climate variability in shaping
the behavior of the PDO and its connection to the East Asian monsoon.

Prior to the pre-industrial era, human activities had a minimal impact
on the climate, and anthropogenic greenhouse gas emissions were
negligible’®”’. The concentration of atmosphere CO, was low and exhibited
minimal variation, which had a negligible effect on the internal variability of
the climate system. Recent studies have placed growing emphasis on
comprehending the variance of the internal variability, including PDO and
Atlantic Multidecadal Oscillation, and their correlation with East Asian
climate over the last millennium'********, This understanding is primarily
achieved through simulations and statistical analyses conducted during
typical periods. However, there are still a limited number of case studies
investigating the relationship between internal variability and East Asian
climate before the pre-industrial era. Here, we combined simulation and
reconstruction’' to investigate the interdecadal change of summer pre-
cipitation over East China in the 18th century and its relationship with PDO.
In particular, the interdecadal transition of the summer precipitation in East
China in the mid-18th century was found to be strongly associated with
changes in the PDO phase. The study highlights that volcanic activity may
have played a crucial role in the shift of the PDO phase during the mid-18th
century.

Results

Interdecadal change around 1760 A.D.

Based on reconstruction, the summer precipitation over North China
(34°-43°N, 107.5°-122°E) underwent interdecadal fluctuations (Fig. la),
with significant changes around 1750 A.D. and 1758 A.D. as determined by
sliding t test (Supplementary Figure 1a). Over southern China (22°-30°N,
105.5°-122°E), the summer precipitation also depicted interdecadal varia-
tions (Fig. 1c), with noteworthy change around 1760 A.D. according to
sliding t test (Supplementary Figure 1b). Overall, around 1760 A.D., there
was an interdecadal change in the summer climate over East China, with
contrasting patterns observed between North China and Southern China.
North China transitioned from a wet phase to a dry phase, while southern
China experienced a shift from dry to wet conditions (Fig. 1e).

Focusing on the interdecadal summer precipitation change around
1760 A.D., only ensemble 001 of CESM-LME was able to replicate the
interdecadal change in both North China and Southern China (Supple-
mentary Figures 2 and 3). For ensemble 001, there was a significant sliding
correlation between reconstructed and simulated summer precipitation
around 1760 A.D. in both southern and North China (Supplementary
Figures 5 and 6). In contrast to the reconstructed precipitation in East China
around 1760 A.D., the interdecadal variations were poorly replicated by
PMIP3 models (Supplementary Figures 7-9). As CESM-LME ensemble 001
well reproduced the interdecadal summer precipitation changes in East
China around 1760 A.D. (Fig. 1a-d), further analysis will be mainly based
on CESM-LME ensemble 001.

Mechanisms of the interdecadal change around 1760 A.D.

Associated with the interdecadal shift around 1760 AD, a notable anomalous
cyclone with low pressure centered in South Japan, brought northerly
anomalies and cold advection to North China. This led to lower tempera-
tures and reduced water vapor transport (Figs. 2a and 3b). Meanwhile, an
anticyclone anomaly emerged in the subtropical region of the Western
North Pacific (Fig. 2b-d), strengthening and shifting the subtropical high
southward (Fig. 2e—f). As a result, southwest winds and water vapor trans-
port increased in southern China. Simultaneously, the East Asian jet stream
shifted southward (Fig. 3c), resulting in anomalous subsidence in North
China and anomalous uplift in Southern China (Figs. 3a, c). Consequently,
the decrease in water vapor transport and anomalous subsidence (Figs. 3a
and 3b) led to reduced summer rainfall in North China, while the

convergence of water vapor and anomalous upward motion (Fig. 3b, 3¢)
contributed to increased summer rainfall in southern China.

Discussions

During the interdecadal climate change around 1760 A.D., the simulation
indicated a positive phase PDO-like SST change, with warmer conditions in
the North Pacific subpolar region and the ocean along the coast of North
America, and cooler conditions in the interior North Pacific Ocean (Fig. 4a).
These changes bear resemblance to the positive phase of the PDO pattern.
The simulated positive phase PDO-like SST change around 1760 A.D. is
supported by several geological evidences (Fig. 4a and Supplementary
Figure 10). After 1760 A.D., reconstructed data show interdecadal increases
in SST over the Northeast Pacific”” and near the Aleutian Islands®. Addi-
tionally, the reconstructed warming in the Gulf of Alaska"*”’ and near the
Pacific coast of Kunashir Island’ (Supplementary Figure 10) corroborate
the simulated warming along the North Pacific coast in the subpolar region
(Fig. 4a). Moreover, the reconstructed interdecadal SST cooling based on
coral archives over the western Pacific’” and around Japan’s Amami Island™
align with the simulated cooling in the interior North Pacific Ocean (Fig.
4a). Furthermore, the simulated shift of the PDO to a positive phase around
1760 A.D. generally aligns with most reconstructions of PDO indices™ ™
(Fig. 5a-k), although several paleo-PDO indices suggest a different cold
phase®* (Fig. 5c, d, i) or indicate insignificant variation**** (Fig. 5e, h). In
response to the positive phase PDO-like SST change around 1760 A.D., the
warm anomaly over the central and eastern subtropical North Pacific led to
the weakening of the zonal SST gradient and Walker circulation. Addi-
tionally, the Philippine Sea experienced cooling and the turbulent heat flux
reduced there (Fig. 4a, b). As a consequence, convective circulation was
impeded, leading to decreased precipitation and latent heating over the
ocean to the east of the Philippine (Supplementary Figure 4a). The
anomalous latent heating over the east of the Philippine caused the
northward propagation of the East Asia-Pacific teleconnection wave train
(Fig. 4c and Supplementary Figure 11). This is responsible for the devel-
opment of the anomalous anticyclone over the subtropical region of the
Western North Pacific and the anomalous cyclone located at South Japan
(Fig. 2 and 4c). Accordingly, the Western North Pacific subtropical high
strengthened and shifted southward, promoting the southwesterly wind
anomaly in southern China (Fig. 2). Consequently, warm advection
occurred (Fig. 2a), and water vapor transport increased (Fig. 3b). Mean-
while, the anomalous cyclone centered at South Japan generated northerly
wind anomalies in North China (Figs. 2a-d), bringing in cold advection and
reducing water vapor transport (Fig. 3b). Concurrently, it is noteworthy that
the East Asian subtropical westerly jet migrated southwards, causing
anomalous uplift in the south and anomalous subsidence in the north (Fig.
3a, 3¢). Taken together, the decrease in northward water vapor transport
flux, along with anomalous divergence and subsidence, contributed to the
reduction in precipitation in North China. Simultaneously, the rise in water
vapor transport flux, in combination with anomalous convergence and
upward motion, resulted in the precipitation increase in southern China.
Notably, the North Atlantic region became cooling over the 0-50°N and
warming north of the 50°N, resembling the negative phase of Atlantic
Multidecadal Oscillation around 1760 A.D. This pattern was accompanied
by the propagation of a zonal Rossby wave train from the North Atlantic to
the Iranian Plateau and Tibetan Plateau, traversing over the Eurasian and
Ural mountains. However, this wave train had minimal direct influence on
East China (Fig. 4c). Therefore, the study did not specifically address the role
of SST change over the North Atlantic. Instead, the focus was on the Pacific
SST change and its impact on the interdecadal change in summer pre-
cipitation over East China around 1760 A.D.

Through sensitivity experiments of CESM-LME using single for-
cing, we were able to investigate the individual impacts of external for-
cing factors such as greenhouse gases, solar radiation, orbital
parameters, land use, and volcanic activity on the positive PDO phase
change around 1760 A.D. The ensemble mean of each sensitivity

npj Climate and Atmospheric Science| (2024)7:114



https://doi.org/10.1038/s41612-024-00666-6

Article

a) Reconstruction North China b) Simulation North China
120 L L L L L L 1 L L L 1 L 1 L " L 200 L L L 1 L L L 1 L L L 1 L 1 L " L
80 - ] [
i - 100 — B
40 4 - ] [
0 :\"\ I n../\ I/\A ~ - 0 - [
1 A2 \'4 MW T - 1 5
-40 - ] X
] - -100 -
-80 ™ 1 [
120 J—— L AL A N A A B : -200 — 1T - T T T
1700 1720 1740 1760 1780 1800 1700 1720 1740 1760 1780 1800
c) Reconstruction sorthern China d) Simulation southern China
200 - L L L 1 L L L 1 L L L 1 1 L L L - 300 . L L L 1 L L L 1 L L L 1 L L 1 L " L -
150 = E g0 3
100 3 - ] F
00 3 : 100 -
50 - z g
F 0 —
0 % ~ k -
1 2 -100 -
-50 - ] [
100 5 L 20 3
150 f—m———1—-m"-+-H+——"—"r———7F 0 T
1700 1720 1740 1760 1780 1800 1700 1720 1740 1760 1780 1800
(e) Reconstruction mm (f) Simulation mm
60N 1 I 1 1 1 I 1 1 1 I 1 60N I. .I - 1 1 1 I I. .I - I. 1
L] L] L] L] L] L] . Ll L) L
L] L] . L] L) . L] L] L]
7 . . . . B 7 o o . . . ° B
/ L] L] L] L] L] .% L] L2 Ll L]
_l L] | n L] L] L) . .' |
N . . ," 'c. . o.o.o - o. . ,/"
40N — . ) — 40N — . ° . S iy ° o I
L] L .
] B i 1 . L . . . Ll i
L] L] . . L]
f’ L4
. 0 -
| 20N : . . ..
. . .
% i .. : i? I
T AI &? T T I T T T AI T T T I T
120E 140E 100E 120E 140E
I I I I I
-100 -80 -60 -40 -20 0 20 40 60 80 100

Fig. 1 | Comparison of the summer total precipitation (JJA, unit: mm) between
the reconstruction of Shi et al."" (left panel) and the simulation using full-forcing
ensemble member 001 of CESM-LME (right panel) in North China and southern
China during 18th century. a-d Annual and the 9-point moving average detrended
annual results of summer total precipitation anomaly in North China and southern

China. e The difference of summer total precipitation in East Asia between
1746-1760 A.D. and 1761-1775 A.D. based on reconstruction®'. f Same as e but
using full-forcing ensemble member 001 of CESM-LME. The dot in (e) and (f)
represents the difference is significant at a 95% confidence level.

experiment, roughly excluding simulated internal variability®, provides
an approximation of the influence of the external forcing, although the
ensemble number remains limited. When considering all forcing factors
together, there was a transition to a positive phase (Supplementary
Figures 12f and 13f), accompanied by larger interdecadal cooling in the
interior North Pacific Ocean than in the subpolar North Pacific and the
ocean along the coast of North America after 1760 A.D. (Fig. 5n). Thus
the external forcing greatly contributed to the PDO-like SST change at
that time (Figs. 4a and 51). The interdecadal SST variation pattern over
the Pacific, influenced by all forcing factors after 1760 A.D., can be

largely explained by volcanic forcing (Fig. 5m and Supplementary Figure
12e), with other forcings playing a somewhat lesser role (Supplementary
Figure 12). Furthermore, under the influence of all forcings, North
China experienced interdecadal drier conditions, whilst Southern China
experienced wetter ones (Supplementary Figure 14e). These changes in
summer climate could be simulated solely by volcanic activity (Sup-
plementary Figure 14f). Driven by volcanic activity, the ensemble mean
of five volcanic-only simulations (Supplementary Figure 15e) revealed a
sudden decrease in the net solar flux at the top of the atmosphere after
1760 A.D. This drop was also observed in each individual ensemble of
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Fig. 2 | Simulated difference in summer circulation between 1761-1775 A.D. and
1746-1760 A.D. based on full-forcing ensemble member 001 of CESM-LME.

a Surface 2 m air temperature (T2m, shading, unit: °C) and wind at 850 hPa
(arrow, unit: m s), both are significant at 90% confidence level. b Sea level
pressure (SLP, shading, unit: hPa) and wind at 850 hPa (arrow, unit: m s™), both
are significant at 90% confidence level. ¢ Geopotential height at 850 hPa (shading,
unit: geopotential meter, gpm) and wind at 850 hPa (arrow, unit: m s™*), both are

[
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10 12

significant at 90% confidence level. d Same as (¢), for geopotential height and wind
at 500 hPa. e Eddy geopotential height at 850 hPa (shading, unit: geopotential
meter, gpm) and wind at 850 hPa (arrow, unit: m s™), both are significant at 95%
confidence level. f Same as (e), but at 500 hPa. The pink and green color contour
lines represent zero eddy geopotential height during1746-1760 A.D. and
1761-1775 A.D., respectively.
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Fig. 3 | Simulated differences of vertical velocity, water vapor transport and
westerly circulation in summer between 1761-1775 A.D. and 1746-1760 A.D.
based on full-forcing ensemble member 001 of CESM-LME. a Vertical velocity
(shading, unit: hPas"') and wind at 500 hPa (arrow, unit: ms™'), both are significant at
95% confidence level. b Water vapour flux (arrow, unit: kg m™ s™*) and its divergence,

both are significant at 95% confidence level. ¢ Latitude-pressure profile of the zonal
wind averaged over 100°E~125°E (shading, unit: m s™). The contours represent the
climatological zonal mean circulation (unit: m s™) during 1746-1760 A.D. Black
arrow represents the composite field of meridional wind (unit: m s™) and vertical
velocity (unit: 0.01 Pas™).

the full forcing (Supplementary Figure 16), as well as in their ensemble
means (Supplementary Figure 15f), while not in sensitivity experiments
driven by other forcing alone (Supplementary Figures 15a-d). In
response to volcanic-induced radiative cooling, global cooling patterns
over decadal timescales occur unevenly through the ocean dynamic
thermostat mechanism and land-sea thermal contrast'**®. Conse-
quently, the zonal and/or meridional SST gradients can be modified.
These alterations, combined with air-sea feedback, have the potential to
induce decadal East Asian climate changesg’“. Therefore, volcanic for-
cing appears to have played a significant role in the interdecadal varia-
tion of PDO-like SST and the summer climate in East Asia around

1760 A.D. Reconstructions and simulations both provide strong evi-
dence supporting the idea that the volcanic forcing could shape the PDO
variation and induce the interdecadal climate change'™****”. These
volcanic events have far-reaching impacts on the tropical and mid-
latitude Pacific Ocean by affecting various atmospheric and oceanic
processes****’*”! leading to both immediate and delayed responses”’"".
Additionally, they can exert a notable influence on the East Asian
summer monsoon, interacting with internal climate variability"®.
Consistently, sensitivity experiments with single forcing have shown
that volcanic activity is a major external forcing factor contributing to
the interdecadal change in PDO-like SST (Fig. 5m) and the variation of
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Fig. 4 | Simulated differences of sea surface temperature, turbulent heat flux, and
wave activity flux in summer between 1761-1775 A.D. and 1746-1760 A.D.
based on full-forcing ensemble member 001 of CESM-LME. a Sea surface tem-
perature (SST, shading, unit: °C, significant at 90% confidence level). Red triangle,
circle, and box represent the locations of the reconstruction sites in Kunashir island,
Amchitka island (North Pacific), and Tree Nob islands (Northeast Pacific),
respectively. They indicate an increase in reconstructed sea surface temperature
(SST). Blue box represents the location of the reconstruction site in the Northern

0 5 10 15 20

Ryukyus (subtropical Western North Pacific), indicating a decrease of the recon-
structed SST. Black box represents the location of the reconstruction site in the South
China Sea, showing little change of the reconstructed SST. b Turbulent heat flux (the
sum of surface sensible heat flux and latent heat flux, shading, unit: W m?, significant
at 90% confidence level). ¢ 30 years summer horizontal wave activity flux (arrow,
unit: m’ s*) and geopotential height anomaly (shading, unit: gpm) at 200 hPa during
1746-1775 A.D.
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the East Asian summer precipitation around 1760 A.D. (Supplementary
Figure 14f).

The reconstructions provide support for volcanic activities both pre-
ceding and following the year 1760 A.D. However, there are discrepancies
among various studies regarding the specific intensity and frequency of
volcanic events™”*. Some studies suggest the occurrence of high-impact

volcanic eruptions in the Philippines in 1754 A.D.”” and in the Katla volcanic
system in South Iceland in 1755 A.D/®. Furthermore, additional evidence
indicates the likelihood of a moderate-to-large volcanic eruption event (with
a volcanic explosivity index of 4) in Mexico around 1760 A.D., lasting for
approximately 15 years until 1774 A.D.”””*. The noteworthy influence of
volcanic forcing on the phase shift of the PDO after 1760 A.D. is
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underscored in Fig. 5m. Despite the relatively modest level of specified
volcanic forcing around 1760 A.D. in CESM-LME, its effect remains notably
pronounced (Fig. 5p). This could potentially be attributed to a more pro-
nounced climate response triggered by the occurrence of volcanic double
eruptions in relatively close succession, specifically in 1755 A.D. and
1761 A.D. The occurrence of double or clustered volcanic eruptions, even if
they are relatively small to moderate, could have significant and long-lasting
climate impacts. The occurrence of double or clustered volcanic eruptions,
even if they are relatively small to moderate, could have significant and long-
lasting climate impacts. This was observed during events such as those that
occurred around 536 and 540 A.D.**”, in the early 19th century”’, and more
recently”’. Thus, it is likely that the moderate volcanic eruption around
1760 A.D. may have caused additional cooling, building upon the previous
volcanic activity in 1755 A.D.

It is important to acknowledge that our understanding of past decadal
climate change is still limited by the uncertainties inherent in PDO recon-
structions. The variation of PDO could modulate the regional climate
patterns, including precipitation, temperature, and hydrology. To recon-
struct the PDO in historical periods, researchers utilize climate proxies from
regions known to be sensitive to PDO variations™*”. By establishing a
relationship between these proxies and the PDO based on instrumental data
from a given period, it becomes possible to reconstruct the PDO index in the
past. PDO reconstruction involves uncertainties mainly stemming from the
two main factors: the use of different records or proxies, and uncertainties
associated with the relationship between proxies and the PDO during dif-
ferent climatic regimes. On the one hand, the PDO could be reconstructed
from tree rings*****, drought/flood index derived from historical
documents”, coral oxygen isotope records”, SST proxy®, ice core oxygen
isotope records around the Pacific basin®®, and sea-salt records from East
Antarctica®™”. The inherent unreliability and multiple interpretations of
proxy data could influence the accuracy of the PDO reconstruction. For
example, tree ring records could be influenced by both temperature and
precipitation™. On the other hand, the relationship between climate proxies
and the PDO based on instrumental measurements is not always reliable
due to differences in external forcing between historical and modern peri-
ods. This can lead to variations in the influence of the PDO on climate
patterns and regional intensities during different climate regimes. As a
result, PDO reconstructions from different regions may not always be
consistent. Besides, simulation uncertainties arising from initial perturba-
tions and internal variability can affect the exact temporal and spatial pat-
terns of decadal climate changes”. These uncertainties encompass
variations in SST as well as associated circulation and precipitation patterns.
The reconstructed SST and PDO index generally support a positive phase
PDO-like SST change around 1760 A.D. In comparison, only a subset of the
CESM-LME ensembles, including ensembles 001, 004, 006, 007, 009, and
013, simulated the positive phase PDO-like SST change, despite they shared
the identical external forcing (Supplementary Figure 17). Among the above
six ensembles, 001, 004, and 006 reproduced the positive phase PDO-like
SST change around 1760 A.D., while 007, 009, and 013 simulated earlier
transitions. Similar as ensemble 001, 006 also simulated the pattern of
“southern flooding and northern drought” in the mid-18th century, but
located slightly to the south (Supplementary Figure 4), along with a geo-
potential height anomaly and anomalous circulation center that was also
located more to the south (Supplementary Figure 18). Unlikely, ensemble
004 simulated a drier condition in East China, with a larger magnitude in
North China than in the southern China (Supplementary Figure 4).
Uncertainties arising from the simulations could not be neglected. In
addition, the reconstruction of volcanic activity and the performance of the
model introduce uncertainties that can influence the assessment of the
climate effect of volcanic forcing around 1760 A.D. The volcanic activity
during the last millennium still carries uncertainties'’. In comparison to
other reconstructions” (Fig. 50), the volcanic forcing events around
1760 A.D. incorporated into the CESM-LME model are comparatively less
frequent™ (Fig. 5p). It is worth noting that the impact of volcanic forcing is
likely to be more pronounced if the model includes more frequent volcanic

forcing events after 1760 A.D., as suggested by other evidence™". Accurate
reconstruction of volcanic activity, along with appropriate specification in
climate models, is crucial for effectively reproducing the associated climate
effects and subsequent decadal climate changes. To enhance the reliability of
decadal simulations in the past or predictions for the future, it is crucial to
prioritize the investigation of volcanic activity and the improvement of
model performance when simulating the climate impacts of volcanoes™* .

In summary, we analyzed the characteristics and underlying
mechanism of the interdecadal climate change in precipitation in East China
in the mid-18th century, comparing model simulation and reconstruction.
The reconstruction evidence indicates that around 1760 A.D., the summer
precipitation in East China experienced an interdecadal transition, char-
acterized by decrease in North China and increase in southern China,
resembling the pattern of “southern flooding and northern drought”.
CESM-LME ensemble member 001 was able to simulate the interdecadal
transition, although the simulated magnitude of the changes was relatively
small. The interdecadal variation of summer precipitation in East China in
the mid-18th century was associated with the positive phase PDO-like SST
change around 1760 A.D., as indicated by both simulation and recon-
structions. Corresponding to such sea surface temperature anomalies, the
SST in the subtropical regions of the Western North Pacific decreased,
leading to weakened convection in the Philippine Sea. These triggered an
East Asia-Pacific pattern teleconnection wave train, resulting in the “posi-
tive-negative-positive” geopotential height anomaly from south to north in
East Asia. This atmospheric anomaly pattern influenced the interdecadal
transition of summer precipitation in East China during the mid-18th
century. Furthermore, the occurrence of double or clustered volcanic
eruptions is believed to have had a significant impact on shifting the phase of
the PDO and influencing the decadal summer climate over East China
during the mid-18th century. This study highlights the importance of
considering external influences, specifically volcanic eruptions, in simula-
tions of past millennia and projections of future climate change over the
coming decades. By incorporating these external factors in simulations and
improving model performance, we can enhance our understanding of
decadal climate change in the past and refine our predictions for the future.

Methods

Data

The reconstructed summer precipitation (including June, July, and August)
in East Asia was from Shi et al.*'. The data has a spatial resolution of 2° x 2°
and is based on a comprehensive analysis of 453 tree-ring records and 71
historical documents. To select a relatively reasonable simulation, a com-
parison of the performance of the simulated summer precipitation was
made with 13 ensemble experiments from the Community Earth System
Model Last Millennium Ensemble (CESM-LME)*’ (Supplementary Figures
2-6). These experiments were run with CESMI1.1, incorporating most
relevant forcing factors, as described in Otto-Bliesner et al.¥. CESMI1.1
consists of the atmospheric component of Community Atmosphere Model
Version 5 with a resolution of 2.5°x 1.875° and the ocean and sea ice
components with an approximate resolution of 1° . In addition to the
CESM-LME, ten other model outputs from the Paleoclimate Modeling
Intercomparison Project Phase 3 (PMIP3) were utilized. These simulations
cover the period from 850 to 1850 A.D. and incorporate various factors,
including total solar irradiance, volcanic activity, orbital parameters,
greenhouse gas emissions, and land use and land cover”. The results of these
simulations are presented in Supplementary Figures 7-9.

Methodology

To identify the sudden interdecadal shift in reconstructed precipitation in
East China, a sliding t-test was conducted (see Supplementary Figure 1).
This statistical method allows for the detection of significant changes in the
precipitation pattern over time. To assess the model’s capability to repro-
duce the interdecadal fluctuations in precipitation during the 18th century
in East China, the correlation between each individual ensemble member
from the full forcing experiments and the reconstructed precipitation
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sequence was examined using sliding correlation. The PDO index is defined
as the low-pass filtered primary components of winter SST over the North
Pacific using a moving average over a period of nine years. In this study, the
wave activity flux has been utilized to assess the energy propagation of the

stationary Rossby waves™.

Data availability

The data used in this manuscript is free to get. The CESM-LME output is
available from https://www.earthsystemgrid.org/. The reconstructed pre-
cipitation is available in https://www.ncei.noaa.gov/access/paleo-search/
study/24391. The reconstructed PDO index and SST are available from
National Centers for Environmental Information. The volcanic forcing of
Gao et al.™ is available from https://climate.envsci.rutgers.edu/IVI2/. The
volcanic forcing of Crowley et al.” is available from https://www.ncei.noaa.
gov/access/paleo-search/study/14168.

Code availability

The NCAR Command Language (NCL; http://www.ncl.ucar.edu/) codes
for data analysis and figures generation are available upon request from the
corresponding author X. L.
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