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Abstract

Reconstruction and observational studies imply a potential linkage of
moisture/precipitation change in arid central Asia and monsoonal East Asia, in which
the evolution of moisture/precipitation in central Asia is out-of-phase with that in
northern China, but in-phase with that in southern China. In order to ascertain whether
there is a robust linkage between the changes in climate in Asian arid regions and
monsoon regions and to elucidate the underlying dynamic mechanisms, we analyzed
the Last Millennium Reanalysis dataset and outputs from the Community Earth
System Model-Last Millennium Ensemble (CESM-LME). The results indicate a
significant decadal linkage between precipitation changes in central Asia’s arid region
and the Asian monsoon region during the last millennium, which is primarily driven
by the Interdecadal Pacific Oscillation (IPO). In spring, the positive IPO could
enhance westerlies over the Mediterranean Sea and to its east, which could transport
more water vapor and cause increased precipitation over central Asia. In summer, the
positive IPO is accompanied with weakened Asian monsoon and southward Asian
subtropical westerly jet, which can lead to increased (decreased) summer precipitation
over southern China (over northern China and South Asia). The IPO plays a dominant
role in connecting the decadal variations in precipitation between arid central Asia and
monsoonal Asia by modulating the precipitation of their respective major rainy
seasons. Model results suggest that this decadal linkage stems entirely from the
internal variability present in the CESM-LME control and all single-forcing

simulations. Changes in external forcing factors do not alter this inherent linkage
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caused by IPO. Moreover, based on analyses of the aridity index and soil moisture
content, this relationship of precipitation variation also causes a similar decadal
linkage of moisture changes in central Asia and monsoonal Asia. The differences in
the multi-centennial-scale moisture/precipitation variations in the Asian arid region
and the monsoon region between the Medieval Climate Anomaly and Little Ice Age
are also likely caused by IPO-like sea surface temperature anomalies.

Graphical abstract
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1 Introduction

The climate of the mid- to low-latitude Asian continent is characterized by an
arid central Asian region and a moist monsoonal region. The climate in central Asia is
mainly controlled by westerlies as a result of its geographical location and blocking
by plateaus and mountains to the southeast (Chen et al., 2010). The main rainy
seasons are spring and winter, especially in southern central Asia (Aizen et al., 2001;
Chen et al., 2011; Xu et al., 2020; Wang et al., 2022). By contrast, the climate in
monsoonal Asia is mainly controlled by the East Asian monsoon and the South Asian
monsoon. The main rainy season is summer as a result of the warm, moist East Asian
summer monsoon (Ding and Chan, 2005) and the South Asian summer monsoon
(Turner and Annamalai, 2012).

The Asian arid and monsoonal climates should be independent of each other due
to the dominance of different systems. However, the reconstruction records suggest a
strong linkage between them on a centennial scale. Chen et al. (2015) reviewed
numerous reconstruction studies and indicated that the climate was relatively wetter in
central Asia and southern China, whereas it was relatively drier in northern China
during the Little Ice Age (LIA; 1400-1900 AD) (Fig. 1). During the earlier Medieval
Climate Anomaly (MCA; 1000-1300 AD), the wet and dry changes were the opposite,
with drier conditions in central Asia and southern China and wetter conditions in

northern China.
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Figure 1. The reconstructed and simulated first leading precipitation mode. (a) The first leading
mode (EOF1) of the nine-year low-pass Lanczos filtered annual precipitation for the time period
850-2000 in the Last Millennium Reanalysis (LMR) dataset. The explained variance is given at
the top-right. (b) The average EOF1 of the nine-year low-pass Lanczos filtered annual
precipitation in CESM-LME 12 all-forcing simulations for the time period 850-2005; the shading
shows where at least two-thirds of the members agree on the sign of the average value. The
averaged explained variance is given at the top-right. The dots represent the reconstructed
precipitation/moisture records modified from Chen et al. (2015); the blue (red) dots denote wetter

(drier) conditions in the LIA than in the MCA.

Clues to the linkage between the climate of the Asian arid regions and the Asian
monsoon regions can also be found based on the limited length of observational data
from the modern era. Since the mid-20th century, the central Asia has become wetter
(Shi et al., 2007; Jiang et al., 2009; Chen et al., 2011; Huang et al., 2013). During the
same period, southern China experienced more precipitation, whereas northern China
received less precipitation and became drier (Ding et al., 2008; Zhao et al., 2010;
Wang et al., 2013). Focusing on two different climatic regions, the precipitation
observations during the period of 1960-2010 also show similar linkage (Huang et al.,
2015). On a decadal scale, central Asia experienced more (less) summer precipitation,

southern China received more (less) summer precipitation, whereas northern China
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received less (more) summer precipitation.

However, the reconstruction records of the last millennium and the 50-year
observational data only cover less than two periods on the multi-centennial or
interdecadal scale, respectively. It is not sufficient to demonstrate a significant
relationship between the climate of the Asian arid regions and the Asian monsoon
regions. The specific mechanisms behind this possible linkage are still not clear. In
addition, modeling results also indicate that only one out of nine coupled models
within the Paleoclimate Modeling Intercomparison Project Phase 3 (PMIP3) is able to
reproduce the similar climatic linkage between the Asian arid and monsoonal regions
during the MCA and LIA (Shi et al., 2016). Due to the limitations of data length on
the time scales of interest and the large uncertainty in existing model results, therefore,
further research is still needed to confirm whether there is an inherent connection
between the arid regions and monsoon regions in Asia in terms of their dry-wet
variations.

In this study, we first focus on the decadal scale and intend to analyze whether
there is a robust linkage between the changes in precipitation pattern in arid regions
and monsoon regions in Asia using the newly released Last Millennium Reanalysis
(LMR) dataset (Tardif et al., 2019; Anderson et al., 2019). Additionally, to further
explore the possible mechanisms underlying the linkage and the potential impacts of
different external forcing factors, the Community Earth System Model Last
Millennium Ensemble (CESM-LME, Otto-Bliesner et al., 2016) is also utilized

because of its good performance in simulating Asian precipitation and summer
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monsoon (e.g., Hu et al., 2023; Mishra and Aadhar, 2021; Shi et al., 2018) and the
availability of multiple samples forced by different forcing factors. Thus, the aim of
this study is to investigate the linkage between precipitation/moisture changes in arid
central Asia and monsoonal Asia during the last millennium and its driving factors.
The data and methods used in this study are described in detail in Sect. 2. The linkage
between the changes in precipitation/moisture pattern in arid regions and monsoon
regions in Asia is examined and its driving factors are analyzed in Sect. 3. Finally, the
discussion and conclusions are presented in Sect. 4 and Sect. 5, respectively.
2 Data and methods
2.1 Reanalysis data and simulations

In this study, we used the reconstructed annual precipitation anomalies (relative
to the climatological mean of 1951-1980) at a spatial resolution of 2° for the time
period 850-2000 from the LMR Version 2.1 dataset (Tardif et al., 2019; Anderson et
al., 2019) to examine the possible linkage between the Asian arid and monsoonal
regions. The proxy records assimilated in the LMR Version 2.1 dataset are from
PAGES-2k (PAGES2k, 2017). The analyses based on LMR were started with the
“grand mean”, which was an average of 20 LMR reconstructions contained in
aforementioned array. In addition, the reconstructed sea surface temperature (SST)
anomalies from the LMR Version 2.1 dataset are also used to verify the model results.

In order to investigate the underlying mechanisms, we analyzed the monthly
outputs of CESM-LME project (Otto-Bliesner et al.,, 2016). The CESM-LME

simulations are performed using the CESM 1.1 model, in which the atmospheric
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component is the Community Atmosphere Model Version 5 (CAMS5) (Hurrell et al.,
2013). The atmosphere and land (ocean and sea ice) components in the CESM-LME
simulations have the same ~2° (~1°) horizontal resolutions as the CESM1.1 model.
We analyzed a total of 35 CESM-LME simulations: one control simulation, 12
all-forcing simulations and 22 single-forcing simulations. The single-forcing
simulations included a subset of five simulations forced by volcanic eruptions, a
subset of four simulations forced by solar activity, a subset of four simulations forced
by ozone and aerosols, three subsets of three simulations forced by greenhouse gases,
land use and land cover, and the Earth’s orbit, respectively. The subset of simulations
forced by ozone and aerosols covered the time period 1850-2005, whereas the other
simulations were available for the time period 850-2005. The analyses for the
all-forcing simulations and the six subsets of single-forcing simulations were all based
on the arithmetic mean of multiple members, which was the final step in the analyses.

In addition, we also referred to reconstructed moisture/precipitation changes
(relative to the median of entire last millennium) in the LIA and MCA summarized by
Chen et al. (2015). The reconstructions synthesized by Chen et al. (2015) include 71
moisture/precipitation records derived from different types of proxy records (i.e., lake
record, speleothem record, historical documents, tree-ring record, ice-core record,
marine record, peat record, aeolian record, and river terrace). Based on these
moisture/precipitation records, figure 3 in Chen et al. (2015) provided the wetness
grades (i.e., the wetness was classified into dry, moderately dry, moderate, moderately

wet, and wet) for the LIA and MCA at individual sites. The 55 moisture/precipitation
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records with different wetness grades between the LIA and MCA were selected in this
study to explore the moisture/precipitation changes between these two periods.
2.2 Methods

Following Henley et al. (2015), we defined the Interdecadal Pacific Oscillation
(IPO) index as the difference between the SST anomalies averaged over the
central-eastern equatorial Pacific (10°S-10°N, 170°E-90°W) and the average of the
SST anomalies over the western-central subtropical North Pacific (25-45°N, 140°E-
145=W) and the western-central subtropical South Pacific (50-15°S, 150°E-160°
W). The base period for calculating the IPO index was 1850-1900. To obtain the
filtered version of the index, a nine-year low-pass Lanczos filter was used, coinciding
with the other analyses in this study.

We used the aridity index (Al) to quantify the moisture condition of the
terrestrial climate (Middleton and Thomas, 1997):
Al=— @)
where P is the annual precipitation (units: mm day ), representing the water supply to
land and PET is the annual potential evapotranspiration (units: mm day ™), which
measures the atmospheric demand of water. A larger aridity index indicates that
relatively more moisture remains in the land, whereas a smaller aridity index
represents drier condition. The outputs of the CESM-LME simulations for soil
moisture (top 10 cm of soil; units: kg m2) were also analyzed to examine the analyses

based on the aridity index. Thus, the analyses related to moisture conditions in this

study were based on both the aridity index and soil moisture content.
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The Penman—Monteith algorithm (Penman, 1948; Monteith, 1965) is widely
used to estimate the potential evapotranspiration and is recommended as a standard
method by the Food and Agriculture Organization of the United Nations (Allen et al.,

1998):

0.408A(Rn—G)+VTme900 U(es—ea)

— ant273
PET = A+y(140.340) (2)

where the R, is the net surface radiation (units: MJ m day %), the G is soil heat flux
density (units: MJ m day%); the difference between them represents the available
energy. y is the psychrometric constant (units: kPa <T™?), Tmean iS the mean
temperature (units: <C; i.e., the average of the 2-m daily maximum and daily
minimum air temperatures); A is the slope vapor pressure curve (units: kPa T™)
derived from Tmean, U is the 2-m wind speed (units: m s7); e is the saturation vapor
pressure (units: kPa), derived from the daily maximum and daily minimum air
temperatures; e, is the actual vapor pressure (units: kPa), calculated from es and the
relative humidity.

Empirical orthogonal function (EOF) analysis was performed on the
standardized annual precipitation to identify the first leading precipitation mode over
the Asian continent. A nine-year low-pass Lanczos filter was applied to the
standardized precipitation before EOF analysis to remove the variability on
interannual and shorter timescales. The same analyses were also applied to the aridity
index and the annual soil moisture content to obtain the first leading decadal moisture
mode over the Asian continent. Linear regression and correlation analyses were

applied to understand the root cause of the leading decadal precipitation/moisture
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modes and their statistical significance was examined by a two-sided t-test. Because
of the low-pass Lanczos filter before linear regression and correlation analyses, the
effective degree of freedom N* in the t-test was calculated following Bretherton et al.
(1999):
N* = N lelb ©)
1+747p

where ry () is the autocorrelation at lag 1 for variables a (b) and N is the original
length of the time series. A two-sided t-test was also applied to examine the statistical
significance of climate changes between the LIA and the MCA. Besides, the
consistency of results derived from multiple members (i.e., analyses based on
all-forcing simulations and the six subsets of single-forcing simulations) was
examined by counting the percentage of members whose results’ signs are the same as
the arithmetic mean of multiple members. A power spectrum analysis was performed
on the time series of the leading precipitation mode and the IPO index to obtain their
dominant periodicity, the statistical significance of which was examined via the power
spectrum of the mean red noise (Gilman et al., 1963).

In this study, winter, spring, summer, and autumn were defined as December—
February, March—May, June—August, and September—November, respectively.
3 Results
3.1 Reconstructed and simulated first leading precipitation mode

Based on the LMR data, the first leading mode (EOF1) of the decadal changes in

Asian precipitation in the last millennium showed the same changes in precipitation in

arid central Asia and southern China, which were the opposite of those in the South

11
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Asian monsoon region (including the southern Tibetan Plateau, the Indian Peninsula
and the Indo-China Peninsula) and most of northern China (Fig. 1a). This mode
accounted for 21.5% of the total variance of precipitation in Asia in the last
millennium.

We also analyzed the outputs of the CESM-LME simulations. In the all-forcing
simulations, most members reproduced similar first leading precipitation mode with
the reconstruction for the time period 850-2005 (Fig. S1). Their ensemble pattern was
also consistent with the reconstruction (Fig. 1b). The averaged explained variance was
13.3% (ranging from 11.7 to 14.8%). These same patterns of changes in precipitation
between the long-term simulations and the reconstruction suggest that, on the decadal
scale, there is a robust linkage between the changes in precipitation pattern in arid
regions and monsoon regions. This decadal linkage suggests that the evolution of
precipitation in central Asia is out-of-phase with that in northern China and South
Asian monsoon region, but in-phase with that in southern China. The linkage between
the arid central Asian region and the East Asian monsoon region is consistent with the
relationship of changes in precipitation based on observational data for the last 60
years (Huang et al., 2015). Our analysis suggests that this observed relationship has
persisted over the last millennium. Our results also indicated that the decadal changes
in precipitation in the South Asian monsoon region are also closely related to the
changes in the arid central Asian region and the East Asian monsoon region.

3.2 Dominant role of the IPO

Many studies have shown that the SST anomaly is an important factor in

12
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modulating the decadal variability in precipitation over Asia (e.g., Chu et al., 2018;
Huang et al., 2019). We therefore calculated the linear regression of the SST onto the
time series of the leading precipitation mode. Figure 2a and 2c show that higher
(lower) SSTs appeared over the central-eastern equatorial Pacific (the western-central
parts of both the subtropical North Pacific and South Pacific) in the LMR and
all-forcing simulations. The Pacific basin-wide SST anomalies resembled the positive
pattern of the IPO (Power et al., 1999; Henley et al., 2015; Wang and Miao, 2018).
The precipitation anomalies during the positive phases of the IPO showed positive
anomalies in arid central Asia and southern China and negative anomalies in the
South Asian monsoon region and most of northern China (Fig. 2b and 2d), resembling
the leading decadal precipitation mode in the LMR and all-forcing simulations. It is
therefore likely that the IPO dominated the decadal linkage between the changes in

precipitation pattern in arid regions and monsoon regions in Asia.
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Figure 2. The dominant role of the IPO. The reconstructed (a) annual SST anomalies (units: °C)

regressed onto the time series of the leading decadal precipitation mode and (b) annual
13
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precipitation anomalies (units: mm day ™) regressed onto the time series of the IPO index in the
LMR dataset. The dots in parts (a, b) show significant anomalies at the 95% confidence level. (c)
Annual SST anomalies (units: °C) regressed onto time series of the leading decadal precipitation
mode and (d) annual precipitation anomalies (units: mm day ) regressed onto the time series of
the IPO index simulated by multiple members of the CESM-LME all-forcing runs. Dots in parts (c,
d) show that at least two-thirds of the members simulate significant changes (at the 95%
significance level), and these significant changes agree on the sign of the average of multiple

members.

We applied power spectrum analysis to explore the temporal characteristics of
the first leading precipitation mode and the IPO. Both the leading precipitation mode
and the IPO had a common frequency band of 10-20 years in the LMR and
all-forcing simulations (Figs. S2—-4), indicating that the IPO dominated the linkage
between the changes in precipitation pattern in arid regions and monsoon regions in
Asia at decadal to bi-decadal scales during the last millennium. The consistency
between the reconstruction and the simulations indicates the reliability of the
simulations, which is the foundation of the following analyses on the relevant
mechanism based on simulations.

3.3 Processes of the IPO modulating the leading precipitation pattern

Because there is a seasonal cycle in precipitation and the atmospheric circulation
over Asia, especially over monsoonal Asia, we analyzed the seasonal changes in
precipitation associated with the IPO. During the positive phases of IPO, in the arid
central Asia, the precipitation in the four seasons all increased and made a positive
contribution to the increase in annual precipitation (Fig. 3). The precipitation

anomalies were larger in spring and winter, especially in spring, in which season the
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precipitation accounted for the most of the annual precipitation (Fig. S5). The largest
increase in spring precipitation was mainly in southern central Asia. In East Asia,
summer precipitation increased (decreased) over southern (northern) China and
autumn precipitation decreased over northern China, both contributing positively to
the annual changes in precipitation. By contrast, spring and winter precipitation both
decreased over southern China, partly offsetting the positive contribution of summer
precipitation to the increase in annual precipitation in this region. Precipitation in all
four seasons decreased in most of the South Asian monsoon regions, contributing
positively to the decrease in annual precipitation. Then, we analyzed the seasonal
atmospheric circulation anomalies associated with the IPO to determine the processes

by which the IPO modulated these seasonal changes in precipitation.
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Figure 3. Simulated seasonal precipitation anomalies during the positive phases of the IPO.
Regressed maps of (a) winter, (b) spring, (c) summer, and (d) autumn precipitation anomalies
(units: mm day ') onto the time series of the IPO index simulated by multiple members of the

CESM-LME all-forcing runs. Dots show that at least two-thirds of the members simulate
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298  Figure 4. Simulated seasonal temperature anomalies during the positive phases of the IPO.
299  Regressed maps of 850 hPa temperature anomalies (units: °C) in (a) winter, (c) spring, (e) summer,
300 and (g) autumn onto the time series of the IPO index simulated by multiple members of the
301  CESM-LME all-forcing runs. (b) Winter, (d) spring, (f) summer, and (h) autumn for 500 hPa
302  temperature anomalies (units: °C). Shading shows that at least two-thirds of the members simulate
303  significant changes (at the 95% significance level), and these significant changes agree on the sign

304  of the average of multiple members.

305 3.3.1 Arid central Asia
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In spring, warming appeared over the northern low and high latitudes, whereas
cooling appeared over the northern mid-latitudes, especially in the eastern hemisphere,
corresponding to a positive phase of the IPO (Fig. 4c and 4d). The tropospheric
temperature anomalies led to an enhanced (weakened) meridional temperature
gradient over low (high) latitudes as the climatological temperature decreased from
low to high latitudes. The anomalies in the temperature gradient contributed to
enhanced westerlies over low latitudes and weakened westerlies over high latitudes
via the thermal wind relation (Fig. 5¢ and 5d), indicating a southward shift of the
mid-latitude westerlies. The enhanced westerlies over the Mediterranean Sea and to
its east transported more water vapor from the Mediterranean Sea to southern central
Asia (Fig. 5a).

Positive sea-level pressure (SLP) anomalies appeared over the Indo-western
Pacific warm pool and negative SLP anomalies appeared over the eastern tropical
Pacific (Fig. 5c), consistent with the SST anomalies during positive IPO phases. The
distribution of the SLP anomalies indicated a weakened Walker circulation over the
Pacific Ocean, which further led to suppressed convection over the maritime continent
(Li et al.,, 2022). The decreased latent heating associated with the decreased
precipitation over the maritime continent can produce westward-propagating
baroclinic Rossby wave trains (Jiang et al., 2021). This resulted in anomalous
low-level anticyclone and upper-level cyclone over the Indian subcontinent, both of
which led to anomalous southerlies over central Asia (Fig. 5¢ and 5d). The anomalous

southerlies induced warm advection and led to anomalous ascending motion in this
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region (Fig. 5b). In addition, the anomalous southerlies at low troposphere also could
transport more water vapor from low latitudes to central Asia (Fig. 5a). The enhanced
transport of water vapor and the anomalous ascending motion both favored increased
precipitation in spring over central Asia. In summary, the IPO affected the

precipitation from westerly winds through modulating the mid-latitude westerlies and

the Walker circulation in the Pacific Ocean.

(a) Water vapor flux & divergence

(b) ©500
N =

60° N Terere=zz<<c<ceeeease
AN W zsd O P
h-tg << s> 3329NNAVY —»
40° N 1 P>
A TS B
20°N oo
7N
0
0 -

0° B30°E 60°E 90°E 120°E

-12-06 0 06 1.2

(c) uv850 & SLP
60° N

P>

pP>>>r. 773
20°N +>=2277 \\
77® 771 oA
4 & € € €€ L <Vgk

)iﬁ

crpy iy

Fece<e R o
40° N 2R 4@1,:%'% LvL
o - 17 f b/ A7
72AAK
AR

<—<~<~<-<~<—<—<—<—<_<'<“’“<‘L-
€ceetlyv

duvvy

E R
NYVYFEEPY Yy TITN
\\\\\\ss&»&\m\\\\\w
ST Regar S 2 >35> 3> > paay

0° 30°E 60°E 90°E 120°E
T [ T [ [ [
-0.01 0

b iy Q“' == X 2
dvrvbvyyy }) S

d

»\

0.01

:{S

~NY Ny

A 4

00 T % ¢ <N > n
Lo i m{:e e a2
0° 60° E 120° E 180° 120° W
[T T T T T
-35-3-25-2-156-1-050 05 115 2 25 3 35
(d) uv200 & u500
60° N 9 ~ - =T
\‘vvvvvvvrl«v))sslyvvvk 5
Dar>>y v w:é L7 > >33 wuaNL g >
400 N & > T\Rknv<-< /0’ FYSY
ps ) 420 P e
- 40 255 2Z 30
20°N 1% O
7 e
A A:E L
o 4
0" A a7 1 1 7'/ % v
0° 60° E 120°E 180° 120° W
BT T [ T e

-9 -6 -3 0 3 6 9

Figure 5. Simulated spring atmospheric circulation anomalies during the positive phases of the
IPO. Regressed maps of anomalous (a) vertically integrated water vapor flux from 1000 to 300
hPa (vectors; units: kg m™* s ™) and its divergence (shading; units: 10> kg m 2 s™), (b) 500 hPa
vertical velocity (@500) (units: Pa s %), (c) 850 hPa wind (uv850) (vectors; units: m s %) and SLP
(shading; units: hPa), (d) 200 hPa wind (uv200) (vectors; units: m s *) and 500 hPa zonal wind

(u500) (shading; units: m s ™) onto the time series of the IPO index simulated by the CESM-LME
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all-forcing runs. The blue hatched patterns in part (c) indicate the region with an altitude >3000 m.
The brown contours in part (d) are the climatological 200 hPa zonal wind (units: m s %). The
shading shows that at least two-thirds of the members simulate significant changes (at the 95%
significance level), and these significant changes agree on the sign of the average of multiple
members. The black vectors show that for the zonal or meridional component, at least two-thirds
of the members simulate significant changes (at the 95% significance level), and these significant

changes agree on the sign of the average.

The circulation anomalies associated with the IPO in winter were similar to those
in spring (Fig. S6), indicating that the processes by which the IPO modulated winter
precipitation in central Asia were similar to those in spring.

3.3.2 Asian monsoon regions

In summer, higher (lower) SLPs appeared over the most of the Asian continent
(northern Pacific) during the positive phases of the IPO (Fig. 6c). This was the reverse
of the climatological state, in which the SLP over most of the Asian continent was
lower than that over the neighboring oceans. A weakened land-sea thermal contrast
was therefore induced. The weakened land-sea thermal contrast led to a weakened
Asian summer monsoon (ASM), featured by northerly anomalies at 850 hPa over the
whole of monsoonal Asia (Fig. 6¢). The northerly anomalies further led to weakened
water vapor transport in this region (Fig. 6a).

Anomalies also appeared in the tropospheric temperature (Fig. 4e and 4f) and
caused westerly (easterly) anomalies over the south (north) of the climatological
Asian subtropical westerly jet at 200 hPa (Fig. 6d). The wind anomalies indicated the
southward shift in the Asian subtropical westerly jet and the associated secondary

meridional—vertical circulation (Cressman, 1981; Ding, 2005; Zhang and Huang,
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2011), which led to anomalous downward motion over northern China and anomalous
upward motion over southern China (Fig. 6b) (Wang et al., 2013; Zhu et al., 2015).
The western Pacific subtropical high shifted southeastward (Fig. 6d), which did not
favor the transport of water vapor to northern China (Fig. 6a). These circulation
anomalies all indicate a weakened ASM system (Webster and Yang, 1992; Wang,
2001). Precipitation over southern China therefore increased in summer, whereas
precipitation over northern China and most of the South Asian monsoon regions
decreased. In summary, the IPO affected the monsoon precipitation through

modulating the ASM system.
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Figure 6. Simulated summer atmospheric circulation anomalies during the positive phases of the
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376  IPO. Regressed maps of anomalous (a) vertically integrated water vapor flux from 1000 to 300
377  hPa (vectors; units: kg m™* s™!) and its divergence (shading; units: 10° kg m 2 s ™), (b) 500 hPa
378  vertical velocity (»500) (units: Pa s ), (c) 850 hPa wind (uv850) (vectors; units: m s *) and SLP
379  (shading; units: hPa), and (d) 200 hPa wind (uv200) (vectors; units: m s ) and 500 hPa
380  geopotential height (z500) (shading; units: m) onto the time series of the IPO index simulated by
381  the CESM-LME all-forcing runs. The blue hatched patterns in part (c) indicate the region with an
382 altitude >3000 m. The brown contours in part (d) are the climatological 200 hPa zonal wind (units:
383  msY). The purple line in part (d) is the isoline with a value of 5860 m in the climatology state.
384  The shading shows that at least two-thirds of the members simulate significant changes (at the 95%
385  significance level), and these significant changes agree on the sign of the average of multiple
386  members. The black vectors show that for the zonal or meridional component, at least two-thirds
387  of the members simulate significant changes (at the 95% significance level), and these significant

388  changes agree on the sign of the average.

389 In autumn, negative anomalies in the 500 hPa geopotential height appeared over
390 the Korean Peninsula (Fig. S7d), indicating a strengthened East Asian trough (EAT)
391  during the positive phases of the IPO (Qin et al., 2018, 2020; Li et al., 2020). The
392  strengthened EAT contributed to northerly anomalies over East Asia (Fig. S7¢), which
393 led to weakened water vapor transport in this region (Fig. S7a). The anomalous
394  northerlies to the west of the strengthened EAT induced cold advection (Fig. S7c and
395 S7d) and led to anomalous descending motion over northern China (Fig. S7b).
396  Precipitation therefore decreased over northern China in autumn.

397 Consistent with the SST anomalies during the positive phases of the IPO,
398  positive (negative) SLP anomalies appeared over the Indo—western Pacific warm pool
399  (eastern tropical Pacific) in all four seasons (Figs. 5¢c, 6¢, S6¢ and S7c), indicating a

400  weakened Walker circulation in the Pacific Ocean, which is in agreement with the
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results in Dong and Lu (2013) and Zhao et al. (2021). This weakened Walker
circulation contributed to decreased precipitation over most of the South Asian
monsoon regions (Krishnamurthy and Krishnamurthy, 2014; Li et al., 2021).
3.4 Decisive role of internal variability

Many studies have suggested that both external forcings and internal variability
could affect the decadal variability of precipitation over Asia (e.g., Wang et al., 2013;
Jin et al., 2019; Zhu et al., 2022). To identify the roles of internal variability and
external forcing, Fig. 7 shows the first leading decadal precipitation modes of the
control and single-forcing simulations. The decadal linkage between the changes in
precipitation pattern in central Asia and monsoonal Asia in the all-forcing simulations
also appeared in the control simulation (Fig. 7a), implying this decadal linkage was
mainly caused by the internal variability. Nearly all the single-forcing simulations
presented similar decadal linkage with all-forcing simulations, apart from the
simulations forced by ozone and aerosols (Fig. 7b—g). This indicated that, during the
last millennium, volcanic eruptions, solar activity, greenhouse gases, land use and
land cover, and the Earth’s orbit were unable to change the decadal linkage between
the changes in precipitation pattern in arid regions and monsoon regions in Asia,
which was dominated by the internal variability. Only in the ozone and aerosols
forcing simulations, which covered the period of 1850-2005, the decadal linkage of
precipitation changes disappeared. We further examined the results of other forcing
simulations for the period of 1850-2005 (Fig. S8), and all the first decadal
precipitation modes simulated by other forcing experiments still indicated similar
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decadal linkage with all-forcing last-millennium simulations. This meant that since
the industrial revolution, only the ozone and aerosol forcing factors can change the
dominant mode of the reverse variation of precipitation in East Asia from north to
south and present stronger local climate effects. As noted by Wang et al. (2013), it
may be that anthropogenic aerosols play a more important role in regulating

precipitation in East Asia, which needs further analysis.
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Figure 7. The leading decadal precipitation mode for the time period 850—2005 in the control and
single-forcing simulations, with the exception of leading mode for the time period 18502005 in
experiment forced by ozone and aerosols. (a) EOF1 of the nine-year low-pass Lanczos filtered
annual precipitation in the control simulation. The explained variance is given at the top-right. (b—
g) The average EOF1 of the nine-year low-pass Lanczos filtered annual precipitation in six subsets
of the single-forcing simulations: a subset of three simulations forced by greenhouse gas
emissions (GHG); a subset of three simulations forced by land use and land cover; a subset of

three simulations forced by the Earth’s orbit; a subset of four simulations forced by ozone and
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aerosols; a subset of four simulations forced by solar activity; and a subset of five simulations
forced by volcanic eruptions. The averaged explained variance is given at the top-right. The
shading in parts (b—g) shows where at least two-thirds of the members agree on the sign of the

average of multiple members.

Apart from the simulations forced by ozone and aerosols, the SST anomalies
associated with the leading precipitation mode in the control and single-forcing
simulations all showed a positive IPO pattern (Fig. S9), consistent with the all-forcing
simulations. At the same time, the precipitation anomalies associated with the positive
IPO in the control and single-forcing simulations all showed positive anomalies in
arid central Asia and southern China and negative anomalies in the South Asian
monsoon region and most of northern China (Fig. 8), also consistent with the
all-forcing simulations. This suggested that these external forcing factors cannot
change the dominant influence of IPO on Asian decadal precipitation and lead to the
decadal linkage between the changes in precipitation pattern in arid regions and
monsoon regions in Asia during the last millennium. It is therefore clear that the
internal variability associated with the IPO had a decisive role in shaping the decadal

linkage of precipitation changes.
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Figure 8. Simulated precipitation anomalies during the positive phases of the IPO in the control
and single-forcing simulations. (a) Precipitation anomalies (units: mm day %) regressed onto the
time series of the IPO index in the control run. (b—g) Precipitation anomalies (units: mm day )
regressed onto the time series of the IPO index in six subsets of the single-forcing simulations.
The dots in part (a) show significant anomalies at the 95% confidence level and the dots in parts
(b—g) denote that at least two-thirds of the members simulate significant changes (at the 95%
significance level), and these significant changes agree on the sign of the average of multiple

members.

In the ozone and aerosols forcing simulations, we can find positive precipitation
anomalies in arid central Asia and southern China and negative precipitation
anomalies in the South Asian monsoon region and most of northern China during the
positive phases of the IPO (Fig. 8e). However, the changes in East Asian precipitation
were no longer significant, which meant that the impacts of IPO on East Asian
precipitation in this experiment were weakened.
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3.5 Simulated first leading moisture mode

Terrestrial moisture conditions are closely related to precipitation changes and
could strongly affect terrestrial ecosystems. The terrestrial moisture condition is
quantified by both aridity index and soil moisture content here. Based on our analyses
of the aridity index (Fig. 9a) and the soil moisture content (Fig. S10a), we found that
the EOF1 of the decadal changes in Asian moisture during the last millennium also
showed the same changes in moisture in arid central Asia and southern China, which
were the opposite of those in the South Asian monsoon region and most of northern
China. This is consistent with the first leading precipitation mode, suggesting the
important contribution of precipitation to the decadal linkage between the changes in
moisture pattern in arid regions and monsoon regions in Asia. Similar first leading
moisture mode was seen in all the experiments apart from those with only ozone and
aerosol forcing (Figs. 9 and S10), indicating the decisive role of internal variability on

the decadal linkage of moisture changes.

26



484
485

486

487

488

489

490

491

492

493

494

495

496

497

498

(a) All forcing 14.3 % (b) Control
N 1 L

40°N
30°N
20°N
10°N -
50° N (c) GHG only 13.6 % (d) Land use/cover only 14.1 % (e) Orbital only
40°N
30°N
20°N
10°N -
50°N
40°N
30°N
20°N
10°N -
60°E 80°E 100°E 120°E 60°E 80°E 100°E 120°E60°E 80°E 100°E 120°E
-0.06 -O.IOS I (l) | 0.03 0.06

Figure 9. The simulated leading decadal aridity index mode for the time period 850-2005 in all
the experiments, with the exception of leading mode for the time period 1850-2005 in experiment
forced by ozone and aerosols. (a) The average EOF1 of the nine-year low-pass Lanczos filtered
aridity index in the all-forcing simulations. The averaged explained variance is given at the
top-right. (b) EOF1 of the nine-year low-pass Lanczos filtered aridity index in the control
simulation. The explained variance is given at the top-right. (c-h) The average EOF1 of the
nine-year low-pass Lanczos filtered aridity index in six subsets of the single-forcing simulations.
The averaged explained variance is given at the top-right. The shading in parts (a, c-h) shows

where at least two-thirds of the members agree on the sign of the average of multiple members.

The SST anomalies associated with the leading moisture mode in all experiments,
apart from those with only ozone and aerosol forcing, showed a positive IPO pattern
(Figs. S11 and S12), indicating the dominant role of the IPO on the decadal linkage of
moisture changes. The moisture anomalies associated with the positive IPO showed
positive anomalies in arid central Asia and southern China and negative anomalies in
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the South Asian monsoon region and most of northern China in all the experiments
(Figs. 10 and S13), consistent with the leading moisture mode. This further confirmed
the aforementioned dominant role of the IPO. Therefore, the internal variability
associated with the IPO also had a decisive role in shaping the decadal linkage
between the changes in moisture pattern in arid regions and monsoon regions in Asia

through regulating precipitation during the last millennium.
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Figure 10. Simulated aridity index anomalies during the positive phases of the IPO. The aridity
index anomalies regressed onto the time series of the IPO index in the (a) all-forcing simulations,
(b) control simulation, and (c-h) six subsets of the single-forcing simulations. The dots in part (b)
show significant anomalies at the 95% confidence level and the dots in parts (a, c-h) denote that
at least two-thirds of the members simulate significant changes (at the 95% significance level),

and these significant changes agree on the sign of the average of multiple members.

4 Discussion
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4.1 Limited impacts of external forcings on decadal precipitation linkage

As stated in section 3.4, the spatial pattern of leading decadal precipitation mode
in all-forcing simulations also appears in control and all single-forcing simulations,
apart from the simulations forced by ozone and aerosols. This indicates the dominant
role of internal variability in shaping the spatial pattern of leading decadal
precipitation mode during the last millennium. Moreover, this process can be partially
influenced by the impacts of ozone and aerosol forcing since the industrial revolution.
During this period, ozone and aerosols have played crucial roles in regulating the
climate at mid-latitudes in the Northern Hemisphere (Miao et al., 2022). However, the
relative impact of internal variability and external forcings on the time variations of
the leading decadal precipitation mode during the last millennium remains unclear.
Thus, we calculated the correlations across the time series of the leading decadal
precipitation mode (i.e., the principal components) simulated by CESM-LME 12
all-forcing simulations (Table S1). Except for autocorrelations for each principal
component, the other correlations range from -0.06 to 0.35, and only 13.6%
correlations are significant at the 95% confidence level. These relatively small
correlations indicate the impacts of external forcings on the time variations of the
leading decadal precipitation mode are very weak. The several significant correlations
suggest that, to a limited extent, the time variations of the leading decadal
precipitation mode could be affected by external forcings (e.g., volcanic eruptions and
solar radiation) (Ning et al., 2020; Xue et al., 2023). Therefore, internal variability
played a dominant role in shaping the time variations of the leading decadal
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precipitation mode.

In summary, the impacts of external forcings on both spatial pattern and time
variations of the leading decadal precipitation mode are relatively weak, which
indicates limited impacts of external forcings on decadal linkage between
precipitation changes in arid central Asia and humid monsoonal Asia during the last
millennium. This is quite different from the dominating role of external forcings in
regulating the variations of Asian precipitation at suborbital and longer timescales (Xu
etal., 2023).

4.2 Centennial precipitation/moisture linkage

The features of decadal linkage between moisture/precipitation changes in arid
central Asia and humid monsoonal Asia during the last millennium have been
investigated and the dynamic mechanisms associated with the decadal linkage have
been explored above. Next, the potential linkage on multi-centennial scale implied by
reconstruction is discussed here. Between the LIA and MCA, on multi-centennial
scale, wetter (drier) conditions over arid central Asia and southern China (most of
northern China) were reconstructed in Chen et al. (2015) (Fig. 11a). Besides, the
changes in precipitation between the LIA and the MCA based on the LMR showed
more (less) precipitation over eastern central Asia and southern China (the South
Asian monsoon region and most of northern China) (Fig. 11a), consistent with the
reconstructed changes in precipitation/moisture in Chen et al. (2015). These results
suggest a robust centennial linkage of the changes in precipitation/moisture in central
Asia and monsoonal Asia, similar to the decadal precipitation/moisture linkage.
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Figure 11. Reconstructed changes in (a) precipitation (units: mm day ) and (b) SST (units: °C)
between the LIA and MCA in the LMR. The gray hatched patterns in part (a) and black dots in
part (b) indicate significant anomalies at the 95% confidence level. The dots in part (a) represent
the reconstructed precipitation/moisture records modified from Chen et al. (2015); the blue (red)

dots denote wetter (drier) conditions in the LIA than in the MCA.

The reconstructed changes in the SST between the LIA and MCA showed higher
(lower) SSTs over the central-eastern equatorial Pacific (the western-central parts of
both the subtropical North Pacific and South Pacific) (Fig. 11b). According to the
present study, the IPO-like condition may be the primary cause of the centennial
linkage of changes in precipitation/moisture in central Asia and monsoonal Asia.
However, most current models still cannot reproduce the evolution of the Pacific
Decadal Oscillation (Wang and Miao, 2018). The CESM-LME simulations were also
unable to produce the reconstructed centennial changes in SST between the LIA and
MCA. Therefore, in the present study, we cannot directly obtain the evidence of the
aforementioned centennial linkage from the CESM-LME results. The failure of
CESM-LME simulations in reproducing the centennial linkage further limits our
understanding of the relative roles of the external forcings and internal variability in

shaping the centennial linkage. Thus, further investigation remains needed.
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5 Conclusions

Based on the LMR dataset and CESM-LME all-forcing simulations, the first
leading precipitation mode in Asia on decadal scale during the last millennium
showed the same changes in precipitation in arid central Asia and southern China,
which were the opposite of those in the South Asian monsoon region and most of
northern China. This mode indicated a robust linkage between the changes in
precipitation pattern in arid regions and monsoon regions in Asia on decadal scale, in
which the evolution of precipitation in central Asia was out-of-phase with that of
northern China and the South Asian monsoon regions and in-phase with that of
southern China.

Further analysis based on CESM-LME all-forcing, control and all single-forcing
simulations showed that the internal variability associated with the IPO plays a
dominant role in connecting the decadal variations in precipitation between arid
central Asia and monsoonal Asia by modulating the precipitation of their respective
major rainy seasons during the last millennium. In spring, the positive IPO could
enhance westerlies over the Mediterranean Sea and to its east, which could transport
more water vapor and cause increased precipitation over central Asia. In summer, the
positive IPO is accompanied with weakened Asian summer monsoon and southward
Asian subtropical westerly jet, which further lead to increased (decreased) summer
precipitation over southern China (over northern China and South Asian monsoon
region). Besides, the positive IPO can weaken Pacific Walker circulation, which

contributes to precipitation decrease over South Asian monsoon regions in all four
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seasons.
In addition, this decadal linkage of precipitation variation also causes a similar
decadal linkage of moisture changes in central Asia and monsoonal Asia during the

last millennium.
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