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ABSTRACT

Features of decadal-multidecadal variations of the Asian summer rainfall are revealed by analysis of the re-
constructed Asian summer precipitation (RAP) dataset from 1470 to 2013. Significant low-frequency periodicities of the
all-Asian rainfall (AAR) index (AARI) are found on decadal (8-10 yr), quasi-bidecadal (22 yr), and multidecadal (50—
54 yr) time scales, as well as centennial time scales. The decadal and multidecadal peaks are mainly from the “monsoon
Asia” area and the Maritime Continent, while the 22-yr peak is from the “arid Asia” area. A remarkable change of
leading frequency from multidecadal to decadal after AD 1700 is detected across the entire Asian landmass. The leading
empirical orthogonal function (EOF) modes on the decadal and multidecadal time scales exhibit a uniform structure
similar to that on the interannual time scale, suggesting a cross-time-scale, in-phase variation of the rainfall across
continental Asia and the Maritime Continent. Enhanced AAR on a decadal time scale is found associated with the
mega-La Nifia sea surface temperature (SST) pattern over the Pacific. The AARI-mega-ENSO (EIl Nifilo-Southern
Oscillation) relationship is persistently significant except from 1820 to around 1900. Enhanced decadal AAR is also
found to be associated with extratropical North Atlantic warming. The AARI-AMO (Atlantic multidecadal oscilla-
tion) relationship, however, is nonstationary. On the multidecadal time scale, the AAR is significantly related to the
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AMO. Mechanisms associated with the decadal-multidecadal variability of AAR are also discussed.

1. Introduction

The Asian monsoon and global monsoon vary across
time scales (Wang 2006; Wang et al. 2014; P. Wang et al.
2017). The recent half century has witnessed significant
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interdecadal changes of the East Asian summer mon-
soon (EASM) in the late 1970s and the early 1990s
(1992-94) in terms of rainfall pattern (Ding et al. 2008,
2009; Zhou et al. 2009; Kwon et al. 2007; Yim et al.
2014). An interdecadal shift of the Indian summer
monsoon (ISM) from above normal to below normal
was observed around 1970 (Goswami 2006), followed
by a decrease of potential predictability in the middle to
late 1970s (Goswami 2004). However, the instrumental
data period is too short for a robust analysis of the
multidecadal variability of the monsoon.
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Several studies have analyzed proxy monsoon rec-
ords spanning the past millennium or two, most of
which focus on the ISM (Zhu and Wang 2002; Sinha
et al. 2011, 2015; Sankar et al. 2016; Shi et al. 2017;
Goswami et al. 2015). Since the decadal to centennial
variations and responses to external forcing often
occur beyond regional scales, it is more proper to look
at larger spatial scale rainfall reconstructions for de-
tecting coherent changes of the EASM and ISM,
as well as adjacent regions in Asia. This has not
been done.

Among the major challenges to understand de-
cadal to multidecadal climate variability are to dis-
tinguish whether such changes arise from internal
coupled dynamic modes or are driven by forcings
external to the coupled climate system, as well as
to determine their relative contributions. In the
groundbreaking work of Wang et al. (2013a), the
decadal variations of the Northern Hemisphere (NH)
summer monsoon rainfall are largely attributed to
internal coupled dynamics even under a warming
climate of twentieth century. A 500-yr preindustrial
control run with a coupled Earth system model
[Nanjing University of Information Science and
Technology (NUIST)-ESM; Cao et al. 2015, 2018]
supported the view that the multidecadal NH mon-
soon variations are likely results of internal vari-
ability of the Earth climate system (Wang et al. 2018).
Two major sources of predictability for decadal var-
iations of NH land monsoon rainfall are identified: a
North Atlantic-southern Indian Ocean SST dipole
(NAID) measured by the NAID index and an inter-
decadal Pacific oscillation (IPO)-like east—west Pa-
cific Ocean SST contrast measured by the extended
ENSO (XEN) index (Wang et al. 2018). It has been
shown that skillful prediction of the NH land mon-
soon rainfall can be achieved a decade ahead by
using a hybrid dynamic-empirical model (Wang et al.
2018). As an important part of the NH monsoon
system, the dynamical origins of the decadal vari-
ability of the East Asian summer monsoon have also
been examined. Li and Wang (2018) identified that
the central-eastern tropical Pacific (CEP) cooling
and the warming over the extratropical North Pacific
and western tropical Pacific during May—October are
linked to the decadal variation of the EASM. Nu-
merical experiments further suggest that the CEP
cooling as the major driver of the decadal East
Asian land rainfall, while the western Pacific SST
anomalies are largely a response (Li and Wang 2018).
One may question the uncertainties associated with
the model in use, or the nonstationarity associated
with the empirical forecasting techniques. Now with
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increasing availability of long-term proxy records,
we can look at these questions with reconstructed
rainfall and SST indices as proxy evidences alongside
the model simulation results to better address the
uncertainty issue.

Building upon our previous work of the reconstructed
Asian summer precipitation (RAP) (Shi et al. 2018), here
we present an in-depth analysis of the decadal and multi-
decadal variations of the Asian summer rainfall over the
past five centuries. Section 2 describes the data and
methods. Section 3 presents temporal and spatial struc-
tures of the decadal and multidecadal variability. In sec-
tion 4 we explore potential internal factors associated with
the decadal and multidecadal variability of the Asian
summer rainfall and the secular changes of these linkages.
In section 5 we discuss the mechanisms associated with the
decadal and multidecadal variability. Section 6 summa-
rizes major conclusions.

2. Data and methods

a. Reconstruction, observation, and reanalysis
datasets

The RAP datasetis a gridded (2° X 2°) 544-yr (from
AD 1470 to 2013) summer [primarily June-August (JJA)]
rainfall reconstruction generated by merging two com-
plementary proxies including 453 tree ring width chro-
nologies and 71 historical documentary records over the
Asian land region (8.75°S-55.25°N, 61.25°-143.25°E) (Shi
et al. 2018). The calibration period is 1951-89, the verifi-
cation period is 1901-20, and the 1921-50 period is used
for weighting. Skillful reconstruction is found over East
and North China, northern India and Pakistan, the Indo-
china Peninsula, midlatitude Asia, the Maritime Conti-
nent, and southern Japan. It has been demonstrated the
RAP dataset well captures the large-scale year-to-year
rainfall variability over the EASM and ISM domains (to-
gether referred to as monsoon Asia), as well as arid central
Asia, and the perennial rainfall region of the Maritime
Continent (MC) during the twentieth century (Shi et al.
2018). The RAP is also in general agreement with other
proxies (speleothems and ice cores) during the period of
1470-1920. The remarkably abrupt change of the ISM
during the 1600s recorded in the upwelling proxy over the
Arabian Sea is also captured by the RAP (Shi et al. 2018).

To examine the global SST and circulation patterns
associated with the decadal-multidecadal variations of
the RAP over the industrial period, we have used long
records of instrumental SSTs and reanalysis datasets
dated back to ~1850s. One is the Kaplan Extended
SST V2 (1856 to present), derived by statistically
combining the monthly anomalies from the Met Office
Hadley Centre historical SST dataset (MOHSSTS)
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of the Global Ocean Surface Temperature Atlas
(GOSTA) (Kaplan et al. 1998) and the National
Oceanic and Atmospheric Administration (NOAA)
operational global SST analysis with in situ (ship
and buoy) and satellite SST (Reynolds and Smith
1994). The other is the NOAA-Cooperative Institute
for Research in Environmental Sciences (CIRES)
Twentieth Century Reanalysis version 2¢ from 1851 to
2012 (Giese et al. 2016; Compo et al. 2006). Both da-
tasets are provided by NOAA/OAR/ESRL PSD,
Boulder, Colorado, from their website at https://
www.esrl.noaa.gov/psd/. For the twentieth century,
the Hadley Centre Sea Ice and Sea Surface Temper-
ature dataset (HadISST) from 1870 to 2013 (Rayner
et al. 2003) is used.

This work also utilizes a collection of climate re-
constructions over the Common Era overlapping with
the RAP. First, the recent reconstruction of global
hydroclimate and dynamical variables (Steiger et al.
2018), which combine 2978 paleoclimate proxy data with
the physical constraints from an atmosphere—ocean cli-
mate model, was used. We selected the gridded 2-m air
temperature reconstruction and the reconstructed
Atlantic multidecadal oscillation (AMO) index from
this product. Two additional AMO indices (Mann
et al. 2009; J. Wang et al. 2017) were used (see Fig. S1
in the online supplemental material). Besides, the
global surface temperature field reconstructed by
Mann et al. (2009) were used. Only temperature re-
constructions over the Pacific Ocean are examined. It
is possible that tree rings in tropical Asia and the MC
used in Steiger et al. (2018) and the historical docu-
ments in South China used by Mann et al. (2009) are
also included in the RAP reconstruction. But the
number of the common proxies are very few (Steiger
etal.2018; Mann et al. 2009). For Steiger et al.’s (2018)
reconstruction over the western Pacific, a large num-
ber of independent coral records are used in compar-
ison with the number of tree rings after 1750 (Steiger
et al. 2018). Besides, the RAP is generated by
weighted combining of both tree-ring and historical-
record based reconstructions. Therefore, we do not
expect the correlations examined in later sections be-
tween reconstructed surface temperature over the
ocean and the averaged RAP index over the entire
Asian land to be significantly affected by the shared
proxies.

b. Analysis methods

Spectral analysis and wavelet analysis were applied
to detect periodicities and their long-term changes. For
the spectral analysis, the forward fast Fourier trans-
formation was used with the modified Daniell window
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with a span of 4 (averaging 3 periodogram estimates).
Continuous wavelet transform was applied to obtain
wavelet power spectrum of the normalized variance of
target time series (Torrence and Compo 1998).

The empirical orthogonal function (EOF) analysis
was used to display spatial features of the leading vari-
ability modes on different time scales. To separate sig-
nals of different frequencies, a 4-yr running mean minus
21-yr running mean was applied to the data (the RAP
and SSTs) to extract the decadal component; a 21-yr
running mean minus 45-yr running mean was applied to
extract the multidecadal component. We conducted
sensitivity tests by comparing the results derived from
two bandpass filtering methods with 8- to 40-yr bandpass
for decadal signal and 40- to 80-yr bandpass for multi-
decadal signal. Compared to the Lanczos bandpass/
lowpass filtering (Duchon 1979), the running average
method used here preserves the power/magnitude of
each component better and it does not lose much data
on each end of the record. The Butterworth bandpass
filter (Russell 2006) could not effectively generate
multidecadal signal after around 1900 compared with
both the Lanczos bandpass filtering and the running
average method.

Statistical tests for correlation and regression co-
efficients between the RAP and observed SSTs are
determined by the effective degrees of freedom after
taking into account the autocorrelations (Livezey and
Chen 1983). A simplified Monte Carlo method fol-
lowing Hope (1968) is also used. It is a relatively less
strict test but still enables meaningful interpretations
when the correlation coefficients are relatively low.

c. Constructing the proxy mega-ENSO index

Mega-ENSO forcing is crucial to the decadal changes
of the Asian summer rainfall (Wang et al. 2018). How-
ever, no reconstruction of such index over the past 544
years has been done in the literature. To extend the
analysis beyond instrumental period, we used two grid-
ded global surface temperature reconstructions to con-
struct proxies representing the mega-ENSO for the
period of 1470 to 2013, which is named as a proxy mega-
ENSO index.

The first proxy mega-ENSO index is generated with
the 2-m surface temperature reconstruction by Steiger
et al. (2018), and it is well correlated with the observed
yearly mega-ENSO index during 1871-2013 (r = 0.86,
p < 0.01). The other one is constructed with the surface
temperature field from Mann et al. (2009). It is smoother
and well reflects the decadal feature of the mega-ENSO
observation (4-yr smoothed mega-ENSO index) with a
correlation coefficient of 0.86 (p < 0.01) on the decadal
time scale during 1871-2013 (Fig. S1).
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FIG. 1. Yearly all-Asian rainfall index (AARI) from 1470 to
2013. The red line is the mean rainfall (303 mm) over the entire
544 years.

2000

To further justify the constructed proxy mega-ENSO
indices, we calculated the correlation maps between the
proxy mega-ENSO series and 4-yr smoothed global SSTs
from 1871 to 2013 (Fig. S2). Both correlation patterns
largely resemble the mega-ENSO pattern in the Pacific
(Wang et al. 2013a). The AMO proxies are reconstructed
by various authors and the series used are the unfiltered
SST anomalies over the North Atlantic Ocean (Fig. S1).

3. Temporal-spatial structure of the
decadal-multidecadal variability of RAP

a. Major periodicities of all Asian summer rainfall
(1470-2013)

To examine the low-frequency variability of the Asian
summer rainfall, we first try to identify the leading peri-
odicities, and the periods during which they dominate. To
this end, we first constructed an all-Asian summer rainfall
index (AARI) by area-weighted averaging summer
rainfall over the entire Asian land including the Maritime
Continent. The rationale for making the AARI lies in the
fact that the leading EOF mode of RAP on interannual
time scale shows a nearly homogeneous spatial pattern
(Shi et al. 2018). The AARI is dominated by the rainfall
over monsoon Asia and the MC.

Figure 1 shows the time series of yearly AARI from
1470 to 2013. The temporal evolution involves multiple
time scales, including interannual, decadal, multi-
decadal, and longer scales. Spectral analysis of the
AARI reveals four major significant spectral peaks: in-
terannual (2-5yr), decadal (8-10yr), quasi-bidecadal
(22yr), multidecadal (50-54yr), and possibly on cen-
tennial and longer time scales (Fig. 2a). The 8-10-yr and
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~50-yr periodicities had been previously found in the
EOF2 and EOF3 modes of RAP in Shi et al. (2018).

In addition to the AARI, we define three regional
rainfall indices basing on three major rainfall regimes
over Asia, the monsoonal, the arid—semiarid, and pe-
rennial (Wang and LinHo 2002), which divide the large
area of Asia south of 55°N into the monsoon Asia, arid
central Asia, and MC regions. 1) The monsoon Asia
domain was defined using precipitation characteristics
(wet summer vs dry winter) following the criteria pro-
posed by Wang and Ding (2008), namely that the annual
range of precipitation exceeds 300mm (or 2mm day ')
and local summer (May-September) precipitation ex-
ceeds 55% of the annual total precipitation. 2) The arid
central Asia region is defined as the region north and
west of the monsoon domain where the summer rainfall
below 1 mmday ', and the precipitation belongs to the
Mediterranean regime (dry summer vs wet winter) with
the wet season occurring from December to March. 3)
The MC (8.75°S-10.25°N, 95.25°-143.25°E) [Fig. 1b in
Shi et al. (2018)] is a special region that includes pri-
marily the perennial rain regime, but also a part of the
MC belongs to NH and Southern Hemisphere (SH)
monsoon regions in the deep tropics. Three regional
boreal summer rainfall indices are calculated with area
weighting.

Power spectra of the three yearly regional rainfall in-
dices show that the 22-yr peak is found in arid Asia
(Fig. 2d), while the 10- and 50-yr peaks are found in
monsoon Asia (Fig. 2b) and the MC (Fig. 2c). The re-
gional spectral analysis reveals that three subregions have
collectively contributed to the major periodicities of the
544-yr AARI: the 10- and 50-yr periodicities by monsoon
Asia and the MC, and the 22-yr peak by arid Asia.

b. A sudden change of leading periodicity around
1700

The wavelet analysis of the AARI reveals an in-
teresting and surprising result, namely a sudden change
of leading periodicity around 1700. As shown in Fig. 3,
the multidecadal (~50yr) oscillatory signal dominates
the variability before 1700. However, after ~1700 the
multidecadal signal nearly disappears, and meanwhile
the decadal (8-22yr) power increases. Agreeably, the
variances of the AARI on decadal and multidecadal
time scales show significant changes across 1700. The F
test shows that the standard deviations (SD) for the two
periods on both time scales are significantly different
from each other at 95% significance level. The ratio
between the decadal SD and multidecadal SD is 1.86
before 1700 and 3.17 after 1700. This is mainly due to
the evident decrease of multidecadal variability after
1700 (Fig. 3).
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FIG. 2. Power spectra for the AARI and regional boreal summer rainfall indices. Blue
curves are the Markov red noise spectra. Red and orange dashed curves indicate upper and
lower confidence bounds at 95% and 90% significance levels, respectively.

To further confirm this finding, spectral analyses of
the AARI and three regional indices have been ap-
plied to the two epochs, before 1700 (1470-1700) and
after 1700 (1701-2013) (Fig. 4). Indeed, there exists a
change of leading periodicities of the AARI around
AD 1700: Before 1700, the 50-yr peak is the only sig-
nificant and dominant periodicity (Fig. 4, first column
top), but after 1700, the decadal and 22-yr peaks
emerge and become significant periodicities (Fig. 4,
first column bottom). This sudden change of leading
periodicity can also be detected from all three sub-
regional indices. As shown in Fig. 4, all three regions
show significant multidecadal (50-54 yr) peaks before
1700 (Fig. 4a). After 1700, 10-yr periodicity domi-
nates the MC, and 22-yr periodicity dominates arid
Asia (Fig. 4b). Both 10- and 22-yr peaks appear in
monsoon Asia.

c¢. Leading mode structures of the decadal-multidecadal
variability

The leading mode of interannual variability of Asian
summer rainfall shows a nearly uniform spatial pattern
(Shi et al. 2018). Here we show the leading EOF modes
on decadal and multidecadal time scales as well as the
power spectra of the corresponding PCs (Fig. 5). Similar
to the interannual variation, an overall uniform pattern
is found on both the decadal and multidecadal time
scales. The leading decadal mode accounts for about
24% of the total band-filtered variance with a sharp

peak around 10 years. This peak is dominated by
rainfall over the MC, central eastern China, Bangla-
desh, and India. The leading mode of multidecadal
variation accounts for 31% of the total band-filtered
variance with a peak around 50 years and less loading
over the South Asian sector. The power spectra of the
leading PCs on decadal and multidecadal time scales
are consistent with the leading low-frequency period-
icities of the AARI (Fig. 2a). Since the EOFs are rel-
atively uniform, the power spectra of the PCs cannot
effectively reflect information regarding regionality
(Figs. 2b-d).

The two PCs are significantly (p < 0.01) correlated
with the band-filtered AARIs on the two time scales
(Fig. S3). Both the decadal and multidecadal PC1s and
AARIs show slightly increased frequency after AD 1700
by eyeballing (Fig. S3), which agrees with the wavelet
power spectra of the AARI (Fig. 3) and the power
spectra before and after AD 1700 (Fig. 4).

4. Possible drivers of the decadal-multidecadal
variability of the Asian summer rainfall

a. SST anomalies that potentially drive the decadal
variability

In searching for the origin of the decadal variability, we
first examine the global SST and circulation anomalies
associated with the decadal PC1 using instrumental data
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FI1G. 3. Continuous wavelet power spectrum of the AARI. The black contour designates the
95% significance level against the red noise and the cone of influence (COI) where edge effects
might distort the picture is shown as a lighter shade. The red vertical line marks the year 1700,
and the red horizontal line divides the decadal and multidecadal periodicities.

during the industrial period (Fig. 6). The SST pattern (Wang et al. 2013a). Significant warming over the
shows an evident mega-La Nifia pattern with signifi- northern Atlantic Ocean and cooling over the south-
cant warming over the western Pacific K-shaped region  western Indian Ocean are also found (Fig. 6). This
and cooling over the eastern Pacific triangle region suggests that the leading mode of decadal variability of
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FI1G. 4. Change of the dominant periodicity in Asian summer rainfall around AD 1700. The power spectra (a) before and (b) after AD
1700, respectively, for the AARI and regional boreal summer rainfall indices are shown. Blue curves are the Markov red noise spectra.
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Asian summer monsoon may be rooted in the Pacific,
North Atlantic, and Indian Ocean SST anomalies,
particularly the mega-ENSO and AMO.

Since the instrumental data have limited length of re-
cord, we further use our reconstructed proxy mega-
ENSO index and proxy AMO indices reconstructed by
other authors to examine the decadal AARI variability
before the instrumental period. Figure 7 shows the two
proxy mega-ENSO indices constructed in section 2c and
three AMO reconstructions by various authors, together
with the decadal AARI for the period from 1701 to 1855.
This preindustrial period is chosen because the decadal
variability is more significant after 1700 (Fig. 4b). Corre-
lation coefficients between the AARI and the mega-
ENSO and AMO indices range from 0.32 to 0.39 (p <
0.05), indicating that the mega-ENSO and AMO are
likely drivers of the decadal AARI variations during this
time period. Although each only explains 10%-15%
variance of the decadal variability, an agreement of sig-
nificant correlations among various reconstructions in-
dicates that these relationships are meaningful and likely
widely observed.

b. Possible internal drivers for the multidecadal
variation of AAR

For the multidecadal variation, the instrumental data
period is too short to detect robust SST anomaly drivers.
However, significant warming over the northern At-
lantic Ocean is still found in association with the en-
hanced Asian summer rainfall (figure not shown),
suggesting a possible linkage between the AMO and
multidecadal variation of AAR. Therefore, we further
examined how the multidecadal AARI is related to
the same set of AMO and mega-ENSO proxy re-
constructions for the period of 1470-1700 during which
the multidecadal variations are prominent (Fig. 4a). As the
time goes back, the two constructed proxy mega-ENSO
indices deviate from each other, and only one of them
shows significant positive correlation with the AARI (r =
0.32, p < 0.1) (figure not shown). On the other hand, all
AMO reconstructions show stronger correlation with the
multidecadal AARI (Fig. 8). The correlation coeffi-
cients range from 0.30 to 0.47 at 90% significance level or
higher. This suggests that on the multidecadal time scale,
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enhanced AAR is likely more associated with the warm  with mega-ENSO and AMO (Fig. 7). Therefore, in this
North Atlantic. section, we further examine whether these relationships
have changed since 1700. Rolling correlations with 101-yr
window between these indices and the AARI are calcu-
lated for this purpose and the results are shown in Fig. 9.

The decadal signal of the AAR is relatively strong after ~ All series are 4-yr minus 21-yr running means. Consider-
1700 (Figs. 3 and 4b) and shows significant relationship ~ able spread can be found among the AARI correlations

c. Secular changes of the decadal relationship
between the AAR and mega-ENSO/AMO
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multidecadal oscillation (AMO) reconstructions (bottom) for the 1701-1855 period.
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FIG. 8. Multidecadal AARI compared with the AMO reconstructions for the 1470-1700 period.

with each individual reconstructed proxy SST indices
(black curves, Fig. 9), indicating that uncertainties exist
with the interpretations based on their averages (thick red
curves, Fig. 9).

Figure 9 shows that both relationships are non-
stationary. The proxy mega-ENSO and AARI relation-
ship is significantly positive since 1700 except for a brief
weakening in the nineteenth century. However, the ob-
servations still show a significant mega-ENSO and AARI
relationship after 1856 (Fig. 6). The AMO-AARI re-
lationship, on the other hand, is significantly positive from
around 1750 to 1825. After 1825, the relationship weakens
and becomes negative in the late nineteenth century. Note
that after 1856, the decadal AARI is associated with the
extratropical North Atlantic SST anomalies (Fig. 6) rather
than the SST anomalies over the entire northern Atlantic
as reflected by the AMO.

Gershunov et al. (2001) proposed that the decadal
modulation of the ENSO-Indian rainfall relationship
could be due solely to stochastic processes. Following the
bootstrapping scheme in their paper, a significance test was
applied to the observed AARI relationship with the mega-
ENSO and AMO in Fig. 9. The testing result indicates that
the nonstationarity of the decadal AARI-AMO relation-
ship is statistically distinguishable from what would be
expected from correlated pairs of white noise time series at
95% significance level. However, for the decadal AARI
and mega-ENSO relationship, we cannot rule out the
possibility that the nonstationarity is caused by stochastic
climate variability. Nevertheless, many studies have ob-
served nonstationary relationships between the monsoon
and internal climate modes including the AMO and PDO
(Shi et al. 2017; Sankar et al. 2016; Goswami et al. 2015).

5. Mechanisms of the decadal-multidecadal
variability

One driver identified for the decadal variation of the
Asian summer rainfall with both observation and proxy is

the mega-ENSO pattern over the Pacific Ocean (Figs. 6
and 7). Figure 6 shows that enhanced precipitation over
the MC and monsoon Asia is associated with equatorial
central Pacific cooling, MC and Philippine Sea warming
and western Indian Ocean cooling. The SST gradients in
the equatorial Pacific and Indian Ocean generate equa-
torial easterly anomalies in the western Pacific and west-
erly anomalies over the Indian Ocean, which enhances
moisture convergence and monsoon rainfall over the
western MC. The increased precipitation heating over
the MC excites the equatorial Rossby wave response,
generating a low-level cyclonic circulation anomaly ex-
tending from Sumatera to the Arabian Sea, which in-
creases the Indian rainfall. Meanwhile, the central Pacific

Proxy mega-ENSO

1700 1750 1800 1850 1900 1950

1800 1850
Year

1750

-0.5
1700

1900 1950

FIG. 9. Nonstationarity of decadal relationship between AARI
and proxy mega-ENSO and AMO. Shown are rolling correlation
coefficients with a 101-yr window. In each panel, the black curves
are correlation coefficients for each individual reconstruction, and
the red thick curve is averaged correlation coefficients of them.
Dashed lines are cutoff correlations at the 90% significance level
based on a Monte Carlo test (Hope 1968).
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cooling-induced suppressed heating generates an anom-
alous anticyclone over the subtropical western North
Pacific, which centered at the Philippine Sea with a
ridge extending to Indochina peninsula. The enhanced
Philippine Sea anticyclone strengthens the southwest-
erly monsoon, transports moist air to Bangladesh and
southern China, and increases rainfall over the East
China. Therefore, the decadal SST anomalies, similar
to a mega-La Nifia, drive atmospheric circulation and
enhance Asian precipitation.

Over the Indian Ocean sector, the cooling over the
southern Indian Ocean (Fig. 6) can enhance the north-
ward temperature gradient between the Indian Ocean
and the Asian continent, strengthening the Mascarene
high and the cross-equatorial flow, and thus enhancing
Indian monsoon rainfall (Webster et al. 1998).

Over the North Atlantic Ocean, warm anomalies oc-
cur mainly over the northern North Atlantic. The
overall anomalous SST pattern over the North Atlantic
resembles a warm phase of AMO or the tripolar SST
anomalies associated with a negative phase of NAO. But
the SST anomalies are weak except the northern North
Atlantic. To what extent these SST anomalies can affect
Asian precipitation is not known. Previous studies have
suggested how the AMO or NAO may affect Asian
precipitation in various ways. North Atlantic warming
was suggested to be able to enhance Asian rainfall
through a northward shift of the intertropical conver-
gence zone (Lu et al. 2006; Zhang and Delworth 2006).
Wau et al. (2009) proposed that the tripolar SST anom-
alies associated with a negative phase of NAO could
enhance EA summer monsoon by inducing downstream
development of subpolar teleconnections across the
northern Eurasia, which enhances the high pressure
over the Ural Mountain and the Okhotsk Sea, thereby
favoring strengthened East Asian subtropical frontal
rainfall. Another mechanism by which North Atlantic
SST anomalies can affect EASM is through changing
equatorial central Pacific SSTs. The SST anomalies as-
sociated with a negative phase of NAO in the tropical
Atlantic can lead to equatorial Pacific cooling during
northern summer (Gong et al. 2011; Wang et al. 2013b),
which further strengthens the western Pacific sub-
tropical high through exciting the westward propagat-
ing, descending Rossby waves, thus increasing EA
rainfall. On the decadal-multidecadal time scale, a
positive AMO favors more frequent negative NAO
(Peings and Magnusdottir 2014) and associated tripo-
lar SST pattern in the North Atlantic. The Atlantic SST
anomalies shown in Fig. 6 can be considered as a
combination of a positive AMO and negative NAO.
Therefore, a positive AMO or a negative phase of NAO
could have a similar or joined effect to enhance Asian
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precipitation. However, by analysis of the proxy records
from 1701 to 1855, we found that the correlations
between the RAP index and the proxy NAOs are
not significant on the decadal time scale, while the cor-
relations with the proxy AMOs are significant. This
inconsistency may be due to the uncertainties in the
reconstructed proxies, especially the proxy NAO
indices.

6. Conclusions

Using the new reconstructed Asian summer pre-
cipitation (RAP) dataset (Shi et al. 2018) from 1470 to
2013, decadal to multidecadal variations of the Asian
summer rainfall were examined. Some interesting find-
ings are summarized as follows.

1) Significant decadal (8-10yr), quasi-bidecadal (22yr),
and multidecadal (50-54 yr) periodicities are found in
the area-averaged all-Asia rainfall index (AARI)
(Figs. 1 and 2). A sudden change of the leading peri-
odicity from multidecadal (~50 yr) to decadal and bi-
decadal periodicity occurred around AD 1700 (Fig. 3).

2) Further examination of three regional indices,
which are area-weighted rainfall averaged over the
monsoon Asia, Maritime Continent (MC), and arid
Asia regions, indicates that the 10- and 50-yr peaks
are from monsoon Asia and the MC, while the 22-yr
peak is mainly from the arid Asia (Fig. 2); before
AD 1700, the 50-54-yr peak is the only significant
and dominant periodicity for all three regions, but
after 1700 the decadal and 22-yr peaks become
significant periodicities. Specifically, the MC is
dominated by a 10-yr periodicity, arid Asia is
dominated by a 22-yr periodicity, and monsoon Asia
exhibits both 10- and 20-yr periodicities (Fig. 4).

3) The leading EOF modes on the decadal and multi-
decadal time scales both exhibit a similar spatially
uniform structure, suggesting a nearly in-phase var-
iations among the rainfall over South Asia and East
Asia, as well as the MC on decadal and multidecadal
time scales (Fig. 5). The leading PCs are significantly
correlated with the AARI on each time scale
(Fig. S3).

4) The leading decadal mode of reconstructed Asian
summer rainfall variability is associated with a mega-
ENSO pattern (Figs. 6 and 7). The AARI-mega-
ENSO relationship is persistently significant except
from 1820 to around 1900 (Fig. 9). Long SST and re-
analysis data as well as paleoclimate reconstructions
indicate that the enhanced decadal AAR is also sig-
nificantly associated with North Atlantic warming/
positive AMO (Figs. 6 and 7). The AARI-AMO re-
lationship, however, is notably nonstationary (Fig. 9).



15 NOVEMBER 2019

S) Multidecadal variation (50-54yr) of the AARI is
significantly correlated with the AMO (Fig. 8). The
period of strong correlation between the AMO and
the multidecadal AARI coincides with the strong
~50-yr periodicity of the AARI (Fig. 3).

The present study shows evidence that decadal-
multidecadal variations of the Asian monsoon are associ-
ated with internal coupled dynamic modes. However, with
observation and paleoclimate reconstructions only, we
cannot fully distinguish whether these “internal” signals
are truly internal or a mixture of natural and forced re-
sponses. Especially, the study period covers the coldest part
of the Little Ice Age (LIA) and current unprecedented
warming featuring many changes in the climate system
associated with the transition between the two eras (e.g.,
changes in solar radiative forcing, volcanic activities, and
greenhouse gas concentration). These changes in external
forcing may alter certain properties of the internal modes,
or create SST anomalies that resemble the internal mode
variability, which further influence the global circulation/
rainfall. Future work with forced/unforced runs and model
experiments can help to test this hypothesis.
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