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ABSTRACT

The present study investigates the interdecadal variation of precipitation over the Hengduan Mountains
(HM) during rainy seasons from various reanalysis and observational datasets. Based on a moving ¢ test and
Lepage test, an obvious rainfall decrease is identified around 2004/05. The spatial distribution of the rainfall
changes exhibits large and significant precipitation deficits over the southern HM, with notable anomalous
lower-level easterly divergent winds along the southern foothills of the Himalayas (SFH). The anomalous
easterlies are located at the northern edge of two cyclones, with two centers of positive rainfall anomalies over
the west coast of India (WCI) and the Bay of Bengal (BOB). Observational evidence and numerical ex-
periments demonstrate that the decadal changes of SST over the WP and WIO suppress rainfall over the
eastern Indian Ocean (EIO) through large-scale circulation adjustment. The EIO dry anomalies trigger the
cross-equatorial anticyclonic wind anomalies as a Rossby wave response, and further cause anomalous me-
ridional circulation and moisture transport over the WCI and BOB, favoring the rainfall increase there. The
anomalous easterlies at the northern edge of two cyclones induced by the wet anomalies—related heating
cause the divergence anomalies along the SFH, resulting in the reduction of precipitation in the HM. In turn,
the two anomalous cyclones and dry anomalies have positive feedback on the wet and easterly wind anom-
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alies, respectively, emphasizing the importance of the circulation-heating interaction.

1. Introduction

The Hengduan Mountains (HM) lie on the southeast
side of the Tibetan Plateau (TP) and west side of
Sichuan basin, with the YunGui plateau and Bayan
Har Mountains on the south and north sides, re-
spectively (Li et al. 2011; K. Zhang et al. 2014; Fang
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et al. 2017; Dai et al. 2018; Dong et al. 2018). Spanning
an area of 500000km?, the HM feature the world’s
steepest elevation drop from about 4800 to 600m,
within a distance of 500 km from the TP to the Sichuan
basin (Fig. 1a). Mountains and rivers alternate there,
forming the unique three-dimensional landscape fea-
tured with high mountains and deep valleys. Several
major rivers in China originate from or flow through
this region, including the Yangtze River, the Yellow
River, the Lancang River, and the Nu River. The last
two are connected downstream to the Mekong River
and Salween River over the Indochina Peninsula.
Furthermore, the HM are one of the world’s most
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FIG. 1. (a) Geographic location of the HM (red box) and distribution of 151 stations. (b) Climatological monthly
mean precipitation (mm) averaged over the HM from 151 station observations for the period of 1979-2014. The red

line represents the annual mean.

important biodiversity regions and have more than
9000 species of plants (e.g., Nie et al. 2002; Xing and
Ree 2017; Cheng et al. 2018), flourishing in a diverse
ecosystem consisting of rivers, lakes, forests, grass-
lands, and glaciers. Precipitation over the HM is im-
portant to the formation of glaciers, the supply of
freshwater from surface runoffs, and river discharge
(Dong et al. 2016), and thus it has a great impact on the
ecological environment and social economy in both
local and remote downstream areas.

The HM possess a monsoon climate with prevailing
lower-level southwest winds, connecting the South
Asian and East Asian summer monsoons (Fig. 7b of
Dong et al. 2018), which contribute to the complex
and changeable climate in this area (Zhu et al. 2013;
P. Zhang et al. 2014). Zhang et al. (2015) found a
positive correlation between the rainfall anomalies of
the HM and the East Asian summer monsoon. Zhu

et al. (2016) indicated that the drought in the HM is
mainly due to the unstable rainfall time of the South
Asian monsoon. Recently, Dong et al. (2018) found
that the interannual variability of precipitation over
the HM during rainy seasons is influenced by the com-
bined effect of central and eastern Pacific SST anoma-
lies and the Silk Road pattern (SRP; Lu et al. 2002;
Enomoto et al. 2003; Kosaka et al. 2009; Hong and Lu
2016; Gong et al. 2018). These two factors reflect the
different aspects of large-scale circulation anomalies
affecting HM precipitation. The central and eastern
Pacific cooling plays a dominant role in the develop-
ment of anomalous lower-level cyclone over the South
China Sea, which helps moisture convergence over the
HM, while the SRP mainly contributes to the anoma-
lous ascending motions there.

Interdecadal variability is an important topic in cli-
mate studies. During recent years, substantial attention
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has been devoted to the interdecadal changes of pre-
cipitation in China, which show strong regional and
seasonal features, and the changepoints in different
regions and seasons are not same. For example,
interdecadal shifts of summer precipitation for the
past 60 years in eastern China mainly occurred in the
middle and late 1970s, the early 1990s, and the late
1990s (e.g., Ding et al. 2008; Si et al. 2009; Zhou et al.
2009; Liu et al. 2011; Huang et al. 2013; Xu et al. 2015;
Ren et al. 2017). The autumn precipitation in south-
western China experienced a notable wet-to-dry shift
in 1994 (Wang et al. 2018), whereas an interdecadal
shift around the 1980s was detected in western China
(Ting et al. 2018). Notable increases and decreases of
southern China summer rainfall have been observed
after 1993 and 2003, respectively (Ding et al. 2008;
Yao et al. 2008; Wu et al. 2010; Xu et al. 2015). At
present, the long-term variation of precipitation over
the HM is still unclear.

The interdecadal variations of precipitation usually
concur with large-scale circulation adjustment, and the
sources of the interdecadal changes are complex and not
well understood. The roles of SST changes in the tropics
and subtropics on precipitation in China have been in-
vestigated to a great extent, such as in the tropical
oceans (Hu 1997; Weng et al. 1999; Gong and Ho 2002;
Liet al. 2010; Wu et al. 2010; Chen et al. 2014; Xu et al.
2015; Ting et al. 2018; Wang et al. 2018) and with ref-
erence to the Pacific decadal oscillation (PDO; Ma 2007,
Chen et al. 2014; Qian and Zhou 2014; Xu et al. 2015; Yu
et al. 2015; Si and Ding 2016; Yang et al. 2017) and the
Atlantic multidecadal oscillation (AMO; Qian et al.
2014; Si and Ding 2016; Yang et al. 2017). Additionally,
interdecadal changes of precipitation in China could be
affected by atmospheric processes at middle and high
latitudes via wave train-like teleconnection patterns,
such as the SRP (Xu et al. 2015; Hong et al. 2017; Piao
et al. 2017; Wang et al. 2017), the North Atlantic Os-
cillation (Sun et al. 2009; Chen et al. 2017; Hua et al.
2017; Piao et al. 2018), and the Eurasian pattern (Xu
et al. 2015). Besides, the local circulation-heating in-
teraction may enhance the signal induced by remote
forcing (Xie et al. 2009; Wu et al. 2010; Jiang and Ting
2017; Tao et al. 2017). Henceforth, the present study
inspects the long-term variation of precipitation over the
HM in recent decades, and aims to acquire better un-
derstanding the possible driving factors in both remote
and local areas.

The organization of the text is as follows: The data and
methods used are described in section 2. Section 3 per-
forms statistical diagnoses and numerical experiments
to investigate the interdecadal variation of precipita-
tion over the HM and its connection to atmospheric
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circulation and SST anomalies. Section 4 provides a
further discussion about the plausible role of SRP. A
concluding summary is presented in section 5.

2. Data and methods
a. Data

The observed daily precipitation data used in this
study are from the National Climatic Center of the
China Meteorological Administration with 2472 high-
density national meteorological stations. The HM region
is defined by a rectangular domain of 24°40'-34°00'N
and 96°20'-104°30'E (Fig. 1a), and 151 stations in the HM
with fewer than 7 consecutive days with default values
available from 1979 to 2014 are analyzed. To ensure re-
liability and consistency of observations, we also use
two monthly global land precipitation datasets based on
rain gauges: the Climatic Research Unit (CRU) TS4.01
(Harris et al. 2014) and Global Precipitation Climatology
Centre (GPCC) V7 (Schneider et al. 2014) datasets,
as well as the Global Precipitation Climatology Project
(GPCP) V2.3 global (land and ocean) precipitation
dataset (Adler et al. 2003). Both CRU TS4.01 and GPCC
V7 have a spatial resolution of 0.5° X 0.5° starting from
1901, and GPCP V2.3 has been on a 2.5° X 2.5° grid
since 1979.

Monthly and daily atmospheric variables used in this
study are obtained from the Japanese 55-yr Reanalysis
(JRA-55) on a 1.25° X 1.25° horizontal resolution at
37 pressure levels, compiled by the Japan Meteoro-
logical Agency (Kobayashi et al. 2015; Harada et al.
2016). The variables include horizontal winds, vertical
velocity, specific humidity, air temperature, and geo-
potential height. The European Centre for Medium-
Range Weather Forecasts (ECMWF) interim reanalysis
(ERA-Interim; Dee et al. 2011) with approximately
0.7° X 0.7° spatial resolution at 37 pressure levels is
also used to verify the JRA-55 results. The monthly
SST data are from NOAA Extended Reconstructed
Sea Surface Temperature (ERSST) V5 on a 2° X 2°
grid (Smith and Reynolds 2003). The period of above
data is selected from 1979 to 2014 to match the length
of the station data record. The topographic dataset
used is from NOAA (http://www.ngdc.noaa.gov/mgg/
topo/topo.html), and it is generated from a digital
database of land and sea-floor elevations on a 5° X 5°
grid.

b. Methods

The climatological monthly mean precipitation aver-
aged over the HM during 1979-2014 is shown in Fig. 1b.


http://www.ngdc.noaa.gov/mgg/topo/topo.html
http://www.ngdc.noaa.gov/mgg/topo/topo.html
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Consistent with Dong et al. (2018), the rainy seasons
in the HM are defined from May to September, when
the climatological monthly mean precipitation is above
the annual mean over this region (Fig. 1b). The total
precipitation during rainy seasons accounts for more
than 80% of annual total precipitation.

To illustrate the propagation features of station-
ary Rossby wave train, we calculate the wave activity
flux W, defined by Takaya and Nakamura (2001), as
follows:

u(y? = W) + o, — W)

Wo L W, = Wil,) + o) — W,)
2V

pr — Ny Ny = AN /.1

R Wb, = Wy,) + o, — v, )]
where overbars and primes denote climatology state
and departure from the climatology state, respectively.
Here V = (u,v) is the horizontal wind velocity, ¢ is the
streamfunction, fis the Coriolis parameter, R is the gas
constant, and o= RT/C,p —dT/dp is static stability,
with T'and C,, being the temperature and specific heat at
constant pressure, respectively.

According to Yanai et al. (1973), the atmospheric
apparent heat source Q; is used to represent the total
diabatic heating (including radiation, latent heating, and
surface heat flux),

0, = Cp% - Cp(wo- -V.VT),

where ¢ is the time, w is the vertical velocity, and
o =RT/C,p—0T/dp is the static stability. Circulation
has a close relationship with heat source, and Q; is cal-
culated to explore the effect of circulation-heating
interaction.

Composite and correlation analysis are used, and the
significance level is estimated based on the two-tailed
Student’s ¢ test. Besides, a moving ¢ test and Lepage test
are adopted to detect abrupt changepoints in time series
of precipitation over the HM. The Lepage test is a
nonparametric, two-sample test for location and dis-
persion, and for significant differences between two
samples, even if the distributions of parent populations
are unknown (Lepage 1971). This method has been
widely used to investigate climate change issues (Liu
et al. 2011; Xu et al. 2015; Ha et al. 2016; Piao et al.
2017); a more detailed description can be found in the
appendix. Here, a 7-yr window is used to identify the
interdecadal changes for the moving ¢ test and Lepage
test. Note that the time window used for detection is not
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sensitive to the confirmation of changepoints, and a 9-yr
window is also employed and shows similar results.

3. Results
a. Interdecadal variation of precipitation in the HM

Figure 2a shows area mean rainy-season precipitation
anomalies averaged over the HM from 151 station ob-
servations for the period of 1979-2014. Significant in-
terdecadal variations can be seen, and an obvious
rainfall decrease occurs around 2004/05. The rainy-
season precipitation is persistently close to or higher
than normal before 2004/05 and below normal after
2004/05. Similar interdecadal changes of HM rainfall are
also seen in CRU TS4.01 and GPCC V7 (see Figs. Sla
and Slc in the online supplemental material).

To determine the abrupt changepoints of HM rainfall
accurately, a moving ¢ test and Lepage test are used, and
the results are presented in Fig. 2b. Based on the 95%
significance level, the results of the moving ¢ test indicate
the significant changepoints during 2002-06, whereas
only 2005 is identified by the Lepage test. The same
changepoint of 2005 is also obtained by using CRU
TS4.01 and GPCC V7 (Figs. S1b,d). Furthermore, total
occurrences of changepoints detected by reaching the
95% significance level for these two methods from 151
station observations, CRU TS4.01, and GPCC V7 are
calculated (Fig. 2c). The year 2005 shows the highest
occurrences and is confirmed in different precipitation
datasets and detection methods, indicating the robust-
ness of the HM rainfall decrease around 2004/05.

The 10-yr periods before and after the 2004/05 change-
point are chosen to calculate the differences in rainy-
season precipitation. The spatial distribution of epochal
differences in precipitation between 2005-14 and 1995—
2004 derived from 151 station observations, CRU TS4.01,
and GPCC V7 over the HM are shown in Fig. 3. The
decadal decrease signals are not geographically homoge-
neous but vary from northeast to southwest. Large and
significant precipitation deficits are observed over the
southern HM (Fig. 3a). Highly similar rainfall change
patterns are also obtained by CRU TS4.01, and GPCC
V7 (Figs. 3b,c).

b. Associated changes in atmospheric circulation and
SST

Consistent changes in atmospheric circulation are
linked to the rainfall decrease. Figures 4a and 4b show
the epochal differences in column-integrated moisture
transport and 500-hPa vertical velocity respectively,
both of which are key factors for precipitation (e.g.,
Hu et al. 2017; Tao et al. 2017; Dong et al. 2018).
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FIG. 2. (a) Time series of normalized rainy-season precipitation anomalies averaged over the
HM from 151 station observations for the period of 1979-2014 (bar), and the corresponding
interdecadal component calculated by removing the period shorter than 9 years (line).
(b) Results of the moving 7 test (blue line) and Lepage test (red line) for the original time series
shown in (a). (c) Total occurrences of changepoints detected by reaching the 95% significance
level for the moving ¢ test and Lepage test from 151 station observations, CRU TS4.01, and
GPCC V7. Blue and red shadings in (a) represent 10-yr periods before and after the change-
point. Blue and red open circles in (b) indicate that the results of the moving ¢ test and Lepage
test, respectively, reach the 95% significance level in a particular year. Vertical dashed lines in

(b) and (c) mark the changepoints in 2005.

Corresponding to the rainfall decrease over the south-
western HM, notable anomalous moisture divergence
and downward motions extend along the southern foot-
hills of the Himalayas (SFH) to the HM. A complete

reduced rainfall belt over the SFH is clearly seen in
Fig. 5a, which presents the epochal differences in global
precipitation based on GPCP V2.3. The moisture is
mainly confined at lower levels, so the spatial distribution
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FI1G. 3. Epochal differences (2005-14 minus 1995-2004) of rainy-season precipitation (mm) from (a) 151 station observations, (b) CRU
TS4.01, and (¢) GPCC V7. Cross marks in (a) and lattices in (b) and (c) indicate that the significance level reaches 90%.

of 850-hPa wind anomalies resembles that of moisture
flux anomalies, and the moisture transport associated
with easterly wind anomalies along the SFH favors the
local divergence (Figs. 4a,c). The lower-level di-
vergence and upper-level convergence cooperate well
with midtropospheric descent over the SFH (Figs. 4b—d).
At the south side of negative rainfall anomalies over the
SFH, two large and significant centers of positive rainfall
anomalies exhibit along the west coast of India (WCI)
and over the Bay of Bengal (BOB), respectively (Fig. 5a).
The associated distribution of changes in atmospheric
circulation features two lower-level cyclones, as well as
two centers of lower-level convergence, midtropospheric
ascent, and upper-level divergence over the WCI and
BOB (Figs. 4b—d).

As a result, the distribution of differences in rainfall
manifests a dipole pattern, with dry anomalies along the
SFH and wet anomalies in the area from the WCI to the
BOB. Furthermore, their out-of-phase relationship is il-
lustrated by constructing two rainfall indices, which are
averaged over the SFH region and the WCI and BOB
regions (Fig. 5b). The opposite temporal evolution of
rainfall in these two areas exists on both the interannual
and interdecadal time scale. Jiang and Ting (2017) found
that the interannual variation of Indian subcontinent and
TP rainfall exhibits a dipole pattern in which rainfall in
the central and northern Indian subcontinent tends to be
out of phase with that in the southeastern TP, while the
long-term change is what we emphasize in present study.

The above analyses provide an overall picture of the
dipole rainfall pattern and associated atmospheric
circulation, and one prominent feature is the lower-
level divergent easterly wind anomalies over the SFH
(Fig. 4c). On one hand, the anomalous easterlies are

accompanied by local moisture divergence and down-
ward motions (Figs. 4a,b), leading to the dry anomalies
there (Fig. 5a). On the other hand, the easterly wind
anomalies appear at the northern edge of two cyclones,
which are coupled with the dipole rainfall pattern
(Figs. 4c and 5a). Note that the 850-hPa circulation
changes around TP may be noisy due to topography.
The whole pattern at 700 hPa has also been checked and
is consistent with that at 850 hPa (figure not shown).
However, the easterly wind anomalies and two anoma-
lous cyclones are stronger at 850 hPa than 700 hPa, and
thus 850 hPa is selected to better show the characteristics
of lower-level circulation changes.

Some notable changes in atmospheric circulation over
the Indo-Pacific sector are suggested to play important
roles in wet anomalies over the area from the WCI to the
BOB. At lower (upper) levels, the anomalous divergent
(convergent) southerly (northerly) winds blowing from
(to) the eastern Indian Ocean (EIO) contribute to the
convergence (divergence) and upward motions over the
India and BOB (Figs. 4b-f). Over the EIO, lower-level
divergence (Figs. 4c,e), midtropospheric descent (Fig. 4b),
and upper-level convergence (Figs. 4d,f) appear from
the difference fields. They are accompanied by reverse
circulation changes over the western Pacific (WP) and
western Indian Ocean (WIO; Figs. 4b-f). Besides, as a
Rossby wave response to suppressed rainfall anomalies
over the EIO (Fig. 5a), the anomalous cross-equatorial
anticyclonic winds bring abundant moisture from the
ocean and cause the anomalous moisture convergence
over the WCI and BOB (Figs. 4a,c), favoring the rain-
fall increase there. Note that the decadal changes in
atmospheric circulation identified in JRA-55 are well
matched with the observed rainfall changes, and similar
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FIG. 4. Epochal differences (2005-14 minus 1995-2004) of rainy-season (a) column-integrated moisture flux (vector; kgs 'm™') and

moisture divergence (shaded; 10 >kgs™'m™"), (b) 500-hPa vertical velocity (Pas™"), (c) 850-hPa winds (vector; ms™') and divergence
(shaded; 107®s™1), (d) 200-hPa winds (vector; ms™ ') and divergence (shaded; 10 °s™1), (e) 850-hPa potential velocity (shaded;
10°m?s~ ') and divergent winds (vector; ms~ '), and (f) 200-hPa potential velocity (shaded; 10° m*s~ ') and divergent winds (vector;ms™ ')

based on JRA-55. Lattices and blue vectors indicate that the significance level reaches 90%.

results are confirmed by difference fields based on ERA-
Interim (Fig. S2), indicating the reliability of using re-
analysis data to investigate regional climate change.
Atmospheric circulation over the Indo-Pacific sector
is sensitive to the tropical ocean status, and Fig. 6a shows
the epochal differences in rainy-season SST. Significant
positive SST changes are seen in both the WP and Indian
Ocean. Corresponding to the SST increase, rainfall is
enhanced over the WP and WIO (Fig. 5a), with consis-
tent changes in large-scale circulation as mentioned
before (Figs. 4b—f). The anomalous rainfall and circu-
lation over the EIO are more like the response of the
WP and WIO SST changes, and the EIO SST warms up

due to more downward shortwave radiation (Fig. 6b).
Further, to examine the physical mechanism involved in
WP and WIO SST affecting large-scale circulation and
dipole rainfall pattern, solutions to atmospheric general
circulation model (AGCM) are considered in the next
subsection.

c. Solutions to the AGCM

The Max Plank Institute for Meteorology AGCM
(ECHAMS.3.2) is used in this study, and we adopt a
version with triangular truncation at zonal wavenumber
63 (T63; equivalent to 1.9° horizontal resolution) and 31
vertical levels extending to 10 hPa. More comprehensive
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FIG. 5. (a) Epochal differences (2005-14 minus 1995-2004) of rainy-season precipitation (mm) from GPCP V2.3. (b) Time series of
normalized rainy-season precipitation anomalies averaged over the SFH region (red dashed line; 22.5°-32.5°N, 80°~100°E) and the WCI
and BOB regions (blue dashed line; WCI: 10°-32.5°N, 66.25°-78.75°E; BOB: 10°-20°N, 85°-95°E) from GPCP V2.3 for the period of 1979-
2014, and the corresponding interdecadal component calculated by removing the period shorter than 9 years (solid lines). Lattices in

(a) indicate that the significance level reaches 90%.

and detailed descriptions of this model can be found in
Roeckner et al. (2003).

Three simulations are conducted with different
boundary conditions. In the control run (CTRL), the
model is forced by the observed monthly climatology of
SST for 1995-2004. The other two experiments are de-
signed with the epochal differences in monthly SST
added to the climatological monthly SST during rainy
seasons in the WP only (the WP run) or in both the WP
and WIO (the WP&WIO run). In all experiments, the
SST is kept constant in time and the model is integrated
for 30 years. Thus, each simulation is equivalent to
30-member ensemble runs. Ensemble-mean results for
rainy seasons are calculated as the departure from the
CTRL run. The detailed information for the simulations
is listed in Table 1.

In response to the positive SST anomalies over the WP,
the convection is enhanced over the WP, especially the
northwest Pacific, and suppressed from the Indian Ocean
to the Maritime Continent (Fig. 7a). Correspondingly,

the response of large-scale circulation exhibits a di-
pole pattern in the Indo-Pacific sector, with lower-level
(upper-level) convergence (divergence) over the WP
and divergence (convergence) over the Indian Ocean
(Figs. 8a,b). Note that simulated positive rainfall anom-
alies with lower-level (upper-level) convergence (diver-
gence) over the WP shift more northward than the
observations and JRA-55 results (Figs. 4e.f, Sa, 7a, 8a,b).
It seems that models overestimate the effect of SST
anomalies in the Northern Hemisphere, where warming
covers larger areas than the Southern Hemisphere. The
cross-equatorial anticyclonic wind anomalies are weak
and close to the central Indian Ocean. Although the
dipole rainfall pattern is generally captured, only one
anomalous cyclone appears over the BOB, and the
easterly wind anomalies over the SFH are weaker than
the JRA-55 results (Figs. 4c and 7a).

The simulations are closer to the observations and
JRA-55 results when the additional WIO warming is
added. The suppressed rainfall anomalies are realistically
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FI1G. 6. Epochal differences (2005-14 minus 1995-2004) of rainy-season (a) SST (°C) from ERSST V5 and (b) surface net shortwave
radiation (W m ™% downward positive) from JRA-55. Lattices indicate that the significance level reaches 90%. The WP and WIO regions

are outlined by the boxes in (a).
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TABLE 1. List of the three ECHAMS5.3.2 simulations: the CTRL run, WP run, and WP&WIO run.

Simulation SST forcing field Integration

CTRL Global climatological SST for 1995-2004 30 years

WP Added positive SST anomalies to climatological SST over 20°S-20°N, 120°E-180° (red 30 years
dashed box over WP in Fig. 6a) from May to September

WP&WIO Based on the WP run, added additional positive SST anomalies to climatological SST over 30 years

20°S-27.5°N, 40°E-75°E (red dashed box over WIO in Fig. 6a) from May to September

reproduced by the WP&WIO run (Figs. 5a and 7b), and
the associated lower-level divergence and upper-level
convergence resemble the JRA-55 results (Figs. 4e,f
and 8c,d). Compared with the WP run, the cross-
equatorial anticyclonic wind anomalies are strength-
ened and shift westward slightly, enhancing the rainfall
near the WCI (Figs. 7a,b). The anomalous BOB cy-
clone and easterly wind anomalies over the SFH are
also intensified, but the anomalous cyclone over the
WCI still fails to be simulated. The simulated results of
the WP&WIO run still underestimate the effect of
WIO warming. The wet anomalies over the WIO are
weaker than observations (Figs. 5a and 7b), with
weaker lower-level convergence and upper-level di-
vergence than the JRA-55 results (Figs. 4e,f and 8c,d).
Besides, the biases of cross-equatorial anticyclonic
wind anomalies in AGCM results are probably related
to the weak WCI rainfall anomalies, since the westerly
wind anomalies at southern edge of WCI cyclone are
part of anomalous cross-equatorial anticyclonic winds
in the JRA-55 results (Fig. 4c).

The above simulations reveal that the decadal changes
of SST over the WP and WIO collaborate with each
other and contribute to the dipole rainfall pattern.
Moreover, the WP warming plays a more dominant role
than WIO warming. Based on the WP warming, the
additional WIO warming constrains the location of
suppressed rainfall anomalies over the EIO through
large-scale circulation adjustment (Figs. 7 and 8), and

makes the simulations closer to the observations and
JRA-55 results (Figs. 4c, S5a, and 7b). The rainfall
and circulation response over the WP are stronger than
over the WIO due to climatological SST, which is higher
and more easily reaches the convective threshold in the
WP (figure not shown). The EIO dry anomalies trigger
the cross-equatorial anticyclonic wind anomalies as a
Rossby wave response, and further cause anomalous
meridional circulation and moisture transport over the
WCI and BOB, favoring the rainfall increase there
(Figs. 7 and 8). Although the dipole rainfall pattern is
generally reproduced in AGCM, the detailed dynamical
and thermodynamical processes involved in dipole
rainfall pattern and associated anomalous circulation
are still unclear, and we use a linear baroclinic model
(LBM) to explore these questions in the next subsection.
Note that model results exhibit weak rainfall anomalies
over the WCI, especially the northern part, and the
anomalous cyclone is not reproduced (Fig. 7). As shown
in Figs. 4c and 4d, the decadal changes in wind fields over
the WCI display a barotropic structure with anomalous
lower- and upper-level cyclone, which may be related to
atmospheric processes at middle and high latitudes and
will be discussed in section 4.

d. Solutions to the LBM

The LBM built upon atmospheric primitive equations
is used to examine the atmospheric response to heating
(e.g., Annamalai et al. 2005; Xie et al. 2009; Tao et al.
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evant divergent winds (vector; ms™ ') anomalies: (top) WP minus CTRL run and (bottom) WP&WIO minus CTRL run.

2014; Qu and Huang 2016). We adopt a T42L.20 dry
version of LBM, which has a horizontal resolution
of ~2.8° and 20 sigma levels in the vertical. The model
employs horizontal and vertical diffusion, Rayleigh
friction, and Newtonian damping. The horizontal dif-
fusion has an e-folding decay time of 6 h for the largest
wavenumber, and the vertical diffusion is set at
1000 day ! at all levels. The latter two terms have a time
scale of 0.5day ! for ¢ = 0.9 and o = 0.03, and 20 day !
for 0.03 < o < 0.9. Besides, the component of steady
forcing is included. More details are described in

(a) Column-integrated Q1

Watanabe and Jin (2002). Figure 9a presents the hori-
zontal spatial distribution of epochal differences in Q1.
There are positive O, anomalies along the WCI and over
the BOB and negative Q; anomalies over the SFH,
which are almost identical to the decadal changes of
precipitation (Figs. 5a and 9a). The largest diabatic
heating in each of these three regions is located at 300—
500hPa (Fig. 9b). To study the relative contribution of
Q1 in three regions to easterly divergent wind anomalies
along the SFH, four experiments are conducted with
observed Q; anomalies in the WCI, the BOB, the SFH,

(b) Vertical profile Q1
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FIG. 9. (a) Epochal differences (2005-14 minus 1995-2004) of rainy-season diabatic heating (K day ') based on
JRA-55. (b) Vertical profile of diabatic heating anomalies averaged over the positive value areas for WCI (10°-
32.5°N, 66.25°-78.75°E), BOB (10°-25°N, 85°-95°E), and negative value areas for SFH (22.5°-32.5°N, 80°~100°E) in
(a). Dots in (a) indicate that the significance level reaches 90%, and the WCI, BOB, and SFH regions are outlined

by the boxes in (a).
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FIG. 10. The response of 850-hPa winds (vector; ms ') and divergence (shaded; 10 °s™!) to the observed diabatic heating anomalies
(contour; +0.1, £0.3, 0.6, +1 K day ™ '; negative contours are dashed) in (a) WCI, (b) BOB, (c) SFH, or (d) all regions imposed on the

rainy season mean state for 1995-2004.

or in all regions imposed on the rainy season mean state
for 1995-2004. The model is integrated for 50 days, and
the response reaches equilibrium after 15 days, so the
last 30 days’ mean results are analyzed.

As shown in Fig. 10a, the positive rainfall anomalies—
related heating anomalies in WCI trigger a strong cy-
clone over the Indian subcontinent as a response of
warm Rossby wave. Correspondingly, anomalous lower-
level easterly winds form over the southwestern TP and
contribute to the local divergence anomalies. The cir-
culation response seems weak over the SFH and HM at
850hPa, and further inspection finds that the notable
easterly wind and divergence anomalies extend along
the SFH at 700 hPa (Fig. S3). The weak circulation re-
sponse at 850 hPa along the SFH is probably due to no
obvious heating anomalies over the northern WCI, but
strong positive heating anomalies exist at 700 hPa (figure
not shown). In response to the imposed positive heating
anomalies in BOB, an anomalous cyclone develops to
their northwestern side, and easterly wind anomalies
appear over the SFH, leading to the divergence anom-
alies over the HM (Fig. 10b). The divergence anomalies
in the above two experiments favor the reduction of
precipitation along the SFH. Besides, the two anoma-
lous cyclones also induce local convergence anomalies,

and westerly wind anomalies at southern edge of cy-
clones increase moisture transport, both of which fur-
ther favor the enhancement of rainfall anomalies over
the WCI and BOB. These also document that the biases
of cross-equatorial anticyclonic wind anomalies in
AGCM results could be attributed to the weak simula-
tion of WCI rainfall anomalies. The response of circu-
lation anomalies to observed cooling anomalies over the
SFH is examined in Fig. 10c, and the anomalous easterly
winds over the SFH are dominant. The associated di-
vergence anomalies near the HM further suppress
precipitation there.

Figure 10d shows model results forced by the combi-
nation of heating anomalies in three regions. The spatial
distribution of circulation anomalies highly resembles
observed pattern, although the simulated anomalous
BOB cyclone is slightly weaker than JRA-55 results
(Figs. 4c and 10d). In general, the circulation response to
heating anomalies is stronger at 850 than 700hPa
(Fig. 10; see also Fig. S3), consistent with the JRA-55
results. The above LBM experiments reveal the dy-
namical and thermodynamical processes involved in
the dipole rainfall pattern and associated circulation
anomalies, emphasizing the importance of circulation—
heating interaction. On one hand, the anomalous
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easterlies at the northern edge of two cyclones induced
by the wet anomalies-related heating cause the di-
vergence anomalies along the SFH, favoring the re-
duction of precipitation there. On the other hand, the
two anomalous cyclones and dry anomalies have posi-
tive feedback on wet and easterly wind anomalies,
respectively.

4. Discussion

The WCI wet anomalies and associated anomalous
lower-level cyclone are not well reproduced in AGCM
experiments, which are forced by positive SST anom-
alies over the WP and WIO (Fig. 7b). Moreover,

abundant studies indicate that the atmospheric pro-
cesses at middle and high latitudes could affect Indian
summer monsoon rainfall (e.g., Lau et al. 2000; Lu
et al. 2002; Ding and Wang 2005; Goswami et al. 2006;
Ding and Wang 2007; Lau and Kim 2012; Gong et al.
2017; Wang et al. 2017). Figure 11 illustrates the de-
cadal changes in geopotential height and wave activity
fluxes at 200, 500, and 850 hPa. The lower-level anom-
alous WCI cyclone is accompanied by low pressure
anomalies (Figs. 4c and 11c). At upper levels, the anom-
alous cyclone and low pressure center shift slightly
northward to Pakistan and northern India (Figs. 4d and
11a,b). The northern part of the WCI rainfall anoma-
lies corresponds well with the anomalous low pressure
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circulation system, which displays a barotropic struc-
ture (Figs. 4¢,d, Sa, and 11a-c).

Additionally, two zonally oriented barotropic wave
trains are observed: one is trapped along the sub-
tropical Asian jet stream, and the other is emanating
from the British Isles, across northern Scandinavia to
Mongolia. The whole structure closely resembles the
interdecadal component of the SRP (Fig. 4 of Wang
et al. 2017). Thus, the interdecadal change of the SRP
affects the low pressure circulation anomalies near
WCI, which mainly contribute to northern part of WCI
wet anomalies. Note that the northern branch of the
wave trains is also captured on intraseasonal time scale
during boreal summer [see Figs. 3 and 4 of Nakamura
and Fukamachi (2004) and Figs. 7 and 14 of Iwao and
Takahashi (2008)]. Wang et al. (2017) explained that
the appearance of this wave train on an interdecadal
time scale might arise from the efficient modulation
of the interdecadal background flow on a preferred
phase of the intraseasonal wave train. Similar fea-
tures of decadal changes in geopotential height and
wave activity fluxes are also captured by ERA-Interim
(Fig. S4).

An interdecadal change occurs in the summertime
SRP index, which switches into its negative phase after
the late 1990s [see Fig. 2 of Hong et al. (2017) and Figs. 2
and 3 of Wang et al. (2017)]. The same changepoint is
identified in rainy-season SRP index, which is calculated
by using different averaging months (Fig. S5). The SST
changes over the WP and WIO are also critical in con-
tributing to HM rainfall, as demonstrated by both ob-
servations and numerical experiments. The temporal
evolutions of SST changes in these two regions both
exhibit long-term warming trends (Fig. S5). However,
the HM rainy-season rainfall experienced a distinct in-
terdecadal change around 2004/05. The timing of the
interdecadal transition in SST and SRP is not consistent
with that of the HM rainfall, and it seems to exclude the
single effect of any factor and emphasize their combined
effect. Furthermore, the LBM results show that the local
circulation-heating interaction is also critical in affect-
ing the signal of the interdecadal changes induced by
remote forcing.

Further analysis of reasons causing the interdecadal
changes of SST in the two regions and SRP is beyond the
scope of this study and only briefly discussed here. Note
that the epochal differences in SST to some extent
manifested as a PDO-like pattern (Fig. 6a). The PDO
switches to its cold phase around 2000, coupled with an
enhanced zonal SST gradient and accelerated trade
wind in the equatorial Pacific. Such changes drive ad-
ditional heat into the WP, resulting the warming there
(Mabher et al. 2018). The SST changes over the Indian
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Ocean are chiefly attributed to anthropogenic forcing
and PDO modulation (Du and Xie 2008; Dong et al.
2013; Yao et al. 2016; Dong and McPhaden 2017a,b; Yao
et al. 2017). Beside the Indo-western Pacific warming,
significant warming is also identified over the tropical
Atlantic (figure not shown). The Atlantic warming
intensifies Indo-western Pacific warming by driving
anomalous easterlies there as a Kelvin wave response
and through the wind—evaporation-SST effect (Li et al.
2015; Kamae et al. 2017). Xu et al. (2015) proposed that
the tropical Atlantic warming plays an important role in
the rainfall reduction over southern and southwestern
China via inducing wave trains over Eurasia. However,
the experiment forced by tropical Atlantic warming
cannot reproduce the SRP-like pattern, probably due to
the different forcing months and regions in present study
(figures not shown). Previous studies suggest that the
AMO may modulate its interdecadal changes (Wu et al.
2016; Hong et al. 2017). However, Wang et al. (2017)
found that the linear relationship between the AMO and
SRP is not significant, and that the Monte Carlo boot-
strapping resampling analysis implies that spring and
summer AMO have plausible prediction potential for
the interdecadal SRP.

5. Summary

In this study, the interdecadal variation of precipita-
tion over the HM during rainy seasons is investigated
based on various observational and reanalysis datasets.
Rainy-season precipitation in HM experiences an ob-
vious interdecadal change around 2004/05 identified by
the moving ¢ test and Lepage test. The precipitation
there is persistently close to or higher than normal
during 1995-2004 and below normal during 2005-14.
According to the differences in rainy-season precipita-
tion for these two periods, large and significant pre-
cipitation deficits are observed over the southern HM.

Changes in atmospheric circulation accompanying the
rainfall decrease are summarized as follows. One
prominent feature is the lower-level easterly wind
anomalies extending along the SFH to the HM, which
are coherent with anomalous moisture divergence and
downward motions, and favor the rainfall decrease
there. The divergent easterly wind anomalies appear at
the northern edge of two anomalous cyclones over the
WCI and BOB, corresponding well with the two centers
of positive rainfall anomalies. Thus, the dry anomalies
along SFH and the wet anomalies extending from WCI
to BOB form a dipole rainfall pattern, which is accom-
panied by two anomalous cyclones.

The formation of wet anomalies over the WCI and
BOB is highly related to the anomalous divergent



3756

JOURNAL OF CLIMATE

VOLUME 32

JoW o FOE BO0E
— R
By
| P
M
P
- e P
PPy el
. B
PC SR
e -
............
205 + -
FOE E0E GOE

FIG. 12. Schematic diagram illustrating the main mechanisms involved in decadal SST and SRP changes
affecting the precipitation over the HM during rainy seasons. (bottom) Epochal differences (2005-14 minus
1995-2004) of rainy-season precipitation (shaded; mm) from GPCP V2.3 and 850-hPa wind (vector; ms™ ') from
JRA-55. (top) Epochal differences of rainy-season geopotential height (gpm) at 200 hPa from JRA-55. The
HM region is marked by a red box. Red shadings over the WP and WIO represent positive SST anomalies there.
Blue arrows represent the large-scale circulation adjustment. Black arrows represent the upper-level conver-
gence and divergence. Red dashed arrows represent lower-level cross-equatorial anticyclonic wind anoma-
lies triggered by negative precipitation anomalies over the EIO as a Rossby wave response. The “H’” and ““L”’
in black circles represent anomalous high and low pressure at upper levels. Two letters ““C”” mark the location
of two anomalous lower-level cyclones. Red arrows represent lower-level easterly wind anomalies along

the SFH.

(convergent) southerly (northerly) winds blowing from
(to) the EIO at lower (upper) levels. There are lower-
level divergence, midtropospheric descent, and upper-
level convergence over the EIO, accompanying by
reverse circulation changes over the WP and WIO. Nu-
merical experiments document that the positive SST
anomalies in WP and WIO suppress rainfall over the EIO
through large-scale circulation adjustment. The EIO dry
anomalies trigger the cross-equatorial anticyclonic wind
anomalies as a Rossby wave response, and further cause
anomalous meridional circulation and moisture transport
over the WCI and BOB, favoring the rainfall increase
there. Note that the northern part of WCI wet anomalies
is poorly simulated in numerical experiments and cannot
be well explained by the SST changes. The interdecadal
change of SRP could affect the low pressure circulation
anomalies near WCI via wave train, and mainly contrib-
utes to the northern part of the WCI wet anomalies.
Figure 12 gives the schematic diagram, illustrating that
the combined effects of decadal changes in SST and SRP
influence the circulation and further HM precipitation
during rainy seasons.

Further, LBM experiments reveal the detailed dy-
namical and thermodynamical processes involved in
dipole rainfall pattern and associated circulation anom-
alies, emphasizing the importance of circulation-heating
interaction. On one hand, the anomalous easterlies at
the northern edge of two cyclones induced by the wet
anomalies-related heating cause the divergence anoma-
lies along the SFH, favoring the reduction of rainfall
there. On the other hand, the two anomalous cyclones
and dry anomalies have positive feedback on wet and
easterly wind anomalies, respectively.
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APPENDIX

Lepage Test

Using a combination of standardized Wilcoxon’s and
Ansari-Bradley’s statistics, the Lepage test statistic [HK;
symbol defined by Yonetani and McCabe (1994)] is
calculated as

[A - EA))

_[W-EW)J
+
V(A)

HK = VW)

It follows the chi-square distribution with two degrees
of freedom. If HK exceeds 9.21 (5.99, 4.21), then the
difference between two sample means corresponds
to a significant confidence level of 99% (95%, 90%).
A series XY (xi, X, ..., Xn Y1, Y25 - - -5 Yip) 1S COM-
posed of two independent series X (xy, xa, ..., x,,) and
Y, y2, - - -, Yu,) With sizes ny and n,, respectively.
Assume that u; = 0 (u; = 0) if the ith smallest data
point in XY belongs to X (Y). The statistics for HK can
be derived based on the following empirical formulas:

nyt+n,
w= 3 i,
i=1
n(n, +n,+1)
E(W): 1V 3 2 ,
nn,(n, +n, +1)
V(W): 172 12 2 ,
n nytn,
A= Yip+ X (n +n,—i+Du,
i=1 i=n, +1
+n,+2
E(A):%, and
V(A) = nn,(n, +n,—2)(n, +n, + 2).

48(n, +n,—1)

Intervals of data along each time series are compared in
the following manner: data for N years previous to a
specified year Y, (sample X) are compared to the data
for year Y. plus the N — 1 years following year Y,
(sample Y). The year Y, is moved successively at 1-yr
increments along the time series, and the Lepage test is
conducted for each year Y.
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