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Abstract

This study reveals an enhanced correlation between the interannual variability of summer precipitation over the Three-
River-Source (TRS) region of China and North Atlantic Oscillation (NAO), western Indian Ocean sea surface temperature
(SST), El Nifio-Southern Oscillation (ENSO), and the East Asian summer monsoon (EASM) for past decades, revealing
an enhanced connection between the summer climate of the TRS region and the global climate system. Underlying causes
are investigated based on a comparison on the climate effects associated with the aforementioned factors between periods
1961-1980 and 1991-2014. Enhanced connections to NAO are mainly attributed to the fact that the increased atmospheric
moisture over the Arctic region has an enhanced latent heating on convective activity over the Hudson Bay-Davis Strait
region under negative-phase NAQO, generating an intensified anomalous high over Greenland and further stimulating an
Eurasian wave-train influencing the TRS region. Similarly, for an El-Nifio decaying summer, convection anomalies over the
Maritime Continent are more significant due to enhanced latent heating observed in 1991-2014, which in turn have a more
significant influence on the summer climate in TRS region. Regarding western Indian Ocean SSTs, warming in the western
Indian Ocean is characterized by a warming center north (south) of the equator for 1991-2014 (1961-1980); correspond-
ingly, the associated Kelvin wave-induced Ekman divergence mechanism is more pronounced over the Bay of Bengal and
South China Sea for 1991-2014. Enhanced connections to the EASM are mainly attributable to a combined effect of Indian
Ocean warming and anomalous convective activity over the Maritime Continent associated with ENSO.
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1 Introduction

The Three-River-Source (TRS) region is where three impor-
tant rivers in China originate, i.e., the Yangtze, Yellow, and
Lantscang Rivers (Fig. 1). Located in central and eastern
areas of Tibetan Plateau, the elevation of the TRS region
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mostly ranges between 3500 and 5000 m, and the surface
pressure mostly ranges from 650 to 550 hPa during the sum-
mer. Southwesterlies and northwesterlies converge over the
TRS region during the summer (Fig. 1), inducing a large
amount of precipitation accounting for 60% of total annual
precipitation occurring in the TRS region. The climate
change over the TRS region is critical to water resources
and to environment and ecosystems across China (Fan et al.
2010; Qian et al. 2010; Liu et al. 2014a).

Climatically, summer precipitation occurring over the
TRS region is closely related to southwesterlies driven by
the East Asian summer monsoon (EASM), which bring
warm and moist air from the Indian Ocean to the TRS
region (Li et al. 2009). Several factors have been recog-
nized to influence the interannual variability of the EASM
and of the East Asian summer climate, including El Nifio-
Southern Oscillation (ENSO), North Atlantic Oscillation
(NAO), tropical sea surface temperatures (SSTs), and
westerlies over the Tibetan Plateau (Chang et al. 2000;
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Fig. 1 Topography of the TRS
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region (colored shading, unit:
m) and climatology of JJA

500 hPa winds for 1961-2014
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Wang et al. 2000; Wang 2002; Wu et al. 2009; Sun and
Wang 2012; Song and Zhou 2014; Chiang et al. 2017;
Xue and Zhao 2017). Of these factors, NAO and ENSO
are considered to be central to the interannual variabil-
ity of TRS summer precipitation (Sun and Wang 2018).
In focusing on 1979-2014, Sun and Wang (2018) docu-
mented that the interannual variability of summer precipi-
tation over the TRS region is essentially modulated by
an Eurasian wave-train associated with summer NAQO; in
addition, Indian Ocean warming occurring during an El
Nifio-decaying summer may also play a role in modulating
the interannual variability of summer precipitation over
the TRS region.

During past decades, relationships between East Asian
climate and ENSO, NAO, Arctic Oscillation (AO), and SSTs
over the Indian and Atlantic Oceans have undergone changes
for a variety of reasons (Wang 2002; Sun and Wang 2012,
2015; Wang and He 2012; He and Wang 2013; Han et al.
2017). These changes of teleconnection relationship reflect
changes in regimes of East Asian climate variability. For
instance, Sun and Wang (2012) suggested that the summer
NAO pattern underwent an interdecadal change after the
late 1970s that generated an anomalous dipole pattern in
the atmosphere over East Asia and thus had a significant
effect on East Asian climate variability after the late 1970s.
Han et al. (2017) proposed that winter precipitation occur-
ring over northeastern China was largely modulated by
an Eurasian wave pattern stimulated by anomalous Indian
Ocean SSTs from 1961 to 1990 whereas it was significantly
influenced by Rossby waves induced by anomalous North
Atlantic SSTs from 1996 to 2013.
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On the basis of aforementioned studies, two critical
questions arise: how has the relationship between summer
precipitation in the TRS region and its influencing factors
changed over past decades, and why has this occurred? To
address these questions, the present study examines varia-
tions in the correlation between summer (June—July—August,
JJA) precipitation in the TRS region and global climate
regimes including NAO, AO, ENSO, and global SSTs for
past decades, and it investigates corresponding underlying
mechanisms.

2 Data and methods
2.1 Data

The domain of the TRS region is defined as (31.5°-36.5°N,
89.5°-102.5°E) in this study, as shown in Fig. 1. Precipita-
tion data are derived from monthly CNOS5.1 gridded data
(0.25°x%0.25°) for 1961-2014. The CNO05.1 data is con-
structed based on over 2400 stations across China, includ-
ing over 40 stations positioned in the TRS region (Wu and
Gao 2013). Sun and Wang (2018) showed that CNO0S5.1 data
results are consistent with station, Global Precipitation
Climatology Project (GPCP), and Climatic Research Unit
(CRU) data results regarding TRS precipitation variability.

The monthly reanalysis data (2.5°%2.5°) used in this
study are derived from the National Centers for Environ-
mental Prediction (NCEP), including data of surface pres-
sure, zonal and meridional winds, specific humidity, geo-
potential height, and vertical velocities at eight pressure
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levels of 1000-300 hPa (Kalnay et al. 1996). SST data are
derived from the NOAA Extended Reconstructed SST V4
(2.5°%2.5°) (Huang et al. 2015). AO, NAO, and Nifio 3.4
indices are derived from the NOAA Climate Prediction
Center (https://www.esrl.noaa.gov/psd/data/climateind
ices/list/). Following Wang (2002), anomalies of areal mean
850 hPa wind speed for the region (20°—40°N, 110°-125°E)
are used as an index to measure the strength of the EASM.

2.2 Methods

Two indices for ENSO are used in this study: the Nifio 3.4
index and the Nifio 3.4 tendency index. The Nifio 3.4 ten-
dency index is calculated from the Nifio 3.4 index for the
concurrent summer (JJA) minus the Nifio 3.4 index for the
preceding winter (December—January—February, DJF). The
Nifio 3.4 tendency index is used to denote the tendency of
ENSO state from the preceding winter to the summer, which
is critical to global summer climates (Wu et al. 2009; Xie
et al. 2009; Chen et al. 2012). A negative anomaly in the
Nifio 3.4 tendency index denotes the occurrence of an El
Nifio-decaying summer, while a positive anomaly in the
Nifio 3.4 tendency index denotes the occurrence of a La
Nifia-decaying summer.

To investigate the change in the relationship between
TRS summer precipitation and the global climate system,
a running correlation with a 21-year window is applied to
examine variations in the correlation between the time series
of areal mean summer precipitation for the TRS region and
time series of associated influencing factors for past decades.
This study focuses on the relationship of interannual vari-
ability of TRS summer precipitation with the global climate
system. Hence, for every 21-year window, the time series
for areal mean summer precipitation for the TRS region and
associated influencing factors are detrended to remove linear
trends and to retain interannual variations found within this
window before the correlation is computed. In addition, to
examine the robustness of the results of the detrended time
series, 9-year high-pass filtered time series are used to com-
pute the 21-year running correlation with a Lanczos filter
(Duchon 1979), the results of which largely resemble the
results of detrended time series. Particularly for the filtered
time series, the first and last five values of the time series
become missing values after 9-year high-pass filtering.
Thus, the first and last five 21-year windows have missing
value(s), and corresponding correlation coefficients are com-
puted based on a 21-year window with missing value(s). The
analysis and discussion presented in this study are mainly
based on the results of detrended time series given that the
results of high-pass filtered time series reveal sensitivities to
the threshold for high-pass filtering and given that high-pass
filtering results in missing values for the first/last several
years of time series.

Climate anomalies regressed on the standardized time
series for areal mean TRS summer precipitation are com-
puted via a linear regression analysis to denote climate
anomalies associated with the interannual variability of
TRS summer precipitation, including 500 hPa geopotential
height anomalies, vertically integrated water vapor transport
(WVT) anomalies, vertically integrated atmospheric mois-
ture anomalies, 850 hPa wind anomalies, 500 hPa vertical
velocity anomalies, and SST anomalies. The vertically inte-
grated WVT and atmospheric moisture are computed from a
vertical integration of water vapor flux and specific humidity
from surface pressures to the 300 hPa pressure level, respec-
tively, using the method developed by Sun et al. (2011).
Climate anomalies regressed on the standardized time series
for NAO, AO, western Indian Ocean SST, ENSO, and the
EASM are also computed to represent corresponding climate
anomalies associated with these factors.

Computations are applied to examine the sensitivity
of results to the domain of the TRS region, denoting that
a minor change in the domain for the TRS region should
not lead to a major change in the results. For instance, the
time series for areal mean summer precipitation for domain
(31.5°-36.5°N, 89.5°-102.5°E) are largely consistent
with time series for areal mean summer precipitation for
domains (31.5°-36.5°N, 90.5°-101.5°E) and (30.5°-35.5°N,
89.5°-102.5°E) with correlation coefficients of 0.99 and
0.93 at the 99% confidence level, respectively.

3 Regimes of TRS summer precipitation
and enhanced teleconnection
relationships

3.1 Overview of TRS summer precipitation regimes

In Sun and Wang (2018), two major factors are suggested to
influence the interannual variability of TRS summer precipi-
tation from 1979 to 2014, including an Eurasian wave-train
associated with summer NAO and an anomalous anticyclone
over the Bay of Bengal during an El Nifio-decaying sum-
mer. In the current study, to provide an overview of climate
regimes associated with TRS summer precipitation, Fig. 2
shows climate anomalies associated with the interannual
variability of TRS summer precipitation for the last 24 years
(1991-2014). The 500 hPa geopotential height and vertically
integrated WVT anomalies show impacts of the Eurasian
wave-train associated with summer NAO, which induces
an anomalous low over the TRS region and southwesterly
WVT anomalies towards the TRS region (Fig. 2a). This
wave-train somewhat resembles the conventional Eurasian
(EU) pattern, which is suggested to be driven by anomalous
North Atlantic SSTs (Liu et al. 2014b). However, the EU tel-
econnection pattern is generally observed during the boreal
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Fig.2 Anomalies of a 500 hPa (a)
geopotential height (colored
shading, unit: gpm) and verti-
cally integrated WVT (vectors,
unit: kg m~!s71), b SST
(colored shading, unit: °C),

and ¢ 500 hPa vertical veloc-
ity (unit: Pa s™!) and 200 hPa
divergent wind (vectors, unit: m
s7!) regressed on the detrended
and standardized time series

of areal mean TRS summer
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precipitation for 1991-2014.
Purple contours shown in a, b,
and ¢ denote the 95% confi-
dence level for anomalies of

500 hPa geopotential height,
SST, and 500 hPa vertical
velocity, respectively. Vectors
shown in a only reflect WVT
anomalies significant at the 95%
confidence level. The domain of
the TRS region is denoted by a
blue rectangle in a and b and by
a grey rectangle in ¢
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winter. The mechanism underlying this Eurasian wave-train
during the boreal summer may differ from that of the winter
EU pattern. Correspondingly, the SST anomalies follow a
meridional tripole pattern in the North Atlantic known as
a pattern coupled with NAO (Rodwell et al. 1999; Robert-
son et al. 2000; Czaja and Frankignoul 2002; Hurrell et al.
2003). In addition, the SST anomalies exhibit a warming
western Indian Ocean (Fig. 2b).

During the summer, warming in the western Indian Ocean
can induce anticyclonic WVT anomalies over the Bay of
Bengal and can particularly cause southwesterly WVT
anomalies towards the TRS region as a result of a tropi-
cal Kelvin wave response to western Indian Ocean warm-
ing (Wu et al. 2009; Xie et al. 2009; Sun and Wang 2018).
In addition, this study shows that in response to western
Indian Ocean warming, convection is strengthened in the
troposphere, and divergent wind anomalies form in the
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upper-level troposphere over the western Indian Ocean
(Fig. 2¢). Accordingly, compensatory subsidence anomalies
and upper-level convergence anomalies form over the Bay
of Bengal (Fig. 2c), contributing to an anomalous high and
an anomalous anticyclone forming over the Bay of Bengal
(Fig. 2a).

In addition to the Eurasian wave-train associated with
NAO and the anomalous anticyclone forming over the
Bay of Bengal, an anomalous high forming over the west-
ern North Pacific (WNP) also contributes to TRS summer
precipitation by inducing southwesterly WVT anomalies
along its northwestern flank (Fig. 2a). Studies show that the
anomalous high forming over the WNP during the summer
can be induced by tropical Indian Ocean warming and/or
strengthened convective activity over the Maritime Conti-
nent (Huang 1992; Wu et al. 2009; Xie et al. 2009; Sun and
Wang 2015). The tropical Indian Ocean warms up during
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an El Nifio event due to an atmospheric bridge effect of
ENSO and this warming peaks during spring and persists
through the subsequent summer as El Nifio decays (Schott
et al. 2009; Xie et al. 2009). The warming in the tropical
Indian Ocean during summer is found to spur easterly wind
anomalies over the tropical western Pacific, causing an anti-
cyclonic wind shear and resulting in an anomalous anticy-
clone over the WNP, which can be considered a delayed
effect of preceding winter El Nifio (Wu et al. 2009; Xie et al.
2009). Strengthened convective activity over the Maritime
Continent may also contribute to an anomalous high forming
over the WNP via the so-called “Pacific-Japan (PJ) pattern”
or “East Asia-Pacific (EAP) pattern” (Nitta 1987; Huang
1992; Sun and Wang 2015), stimulating a meridional wave-
train characterized by anomalous descending motion over
WNP and anomalous ascending motion over eastern China
and Japan. As shown in Fig. 2c, convection anomalies over
the Maritime Continent and subsidence anomalies over
WNP and South China Sea and convection anomalies over
eastern China and Japan are observed to be associated with
TRS summer precipitation, which however are mostly below
the 95% confidence level, implying an effect of convective
activity over the Maritime Continent inferior to effects of
other factors such as summer NAO and western Indian
Ocean warming on TRS summer precipitation as mentioned
before. On the other hand, these anomalies are generally at
the 80% confidence level. Thus, the relationship between
convective activity over the Maritime Continent and TRS
summer precipitation deserves an investigation. Essentially,
tropical Indian Ocean warming meditates effects of preced-
ing winter El Nifio on the anomalous anticyclone over WNP
during the summer, while convection anomalies over the
Maritime Continent during the summer are associated with
both preceding winter El Nifio events and concurrent tropi-
cal Pacific SSTs (Wang et al. 2000; Yang et al. 2007; Wu
et al. 2009; Sun and Wang 2015; Xue and Zhao 2017). For
instance, during an El Nifio-decaying summer or a summer
of tropical central-eastern Pacific cooling, convective activ-
ity is strengthened over the Maritime Continent due to an
enhanced Walker circulation (Wu et al. 2009; Sun and Wang
2015; Xue and Zhao 2017).

Of particular note are the insignificant SST anomalies
observed in the tropical central and eastern Pacific (Fig. 2b),
which appear to imply the presence of an insignificant rela-
tionship between TRS summer precipitation and the tropi-
cal Pacific SSTs for the concurrent summer of 1991-2014.
However, our results indicate that for 1979-2014, there is a
significant relationship between TRS summer precipitation
and tropical central Pacific SSTs of the concurrent summer
(figure not shown). The difference between the results for the
two periods may be mainly attributed to the fact that the rela-
tionship between TRS summer precipitation and concurrent
tropical Pacific SSTs varies with time. Hence, the impact of

concurrent summer tropical Pacific SSTs on TRS summer
precipitation should not be overlooked.

Thus, the interannual variability of TRS summer pre-
cipitation is modulated by a variety of factors including the
EASM, NAO, Indian Ocean SST, and ENSO. It should be
noted that the influences of these factors are not independent
but that they are internally linked. The interannual variabil-
ity of the EASM is affected by ENSO, Indian Ocean SST,
and NAO but is not necessarily determined by these factors
because the EASM is essentially influenced by the land-sea
thermal contrast.

3.2 Enhanced teleconnection relationships

Figure 3 shows the 21-year-window running correlation
between the time series of areal mean TRS summer pre-
cipitation and time series of concurrent summer NAO, AO,
western Indian Ocean SST, EASM index, Nifio 3.4 index,
and Nifio 3.4 tendency index for past decades. According
to Fig. 2b, the time series for western Indian Ocean SST is
calculated from the areal mean SST for the region covering
(20°S-20°N, 40°-80°E). As shown in Fig. 3a, the corre-
lation between TRS summer precipitation and NAO per-
sistently increased over past decades with an insignificant
correlation found before the 1980s and with a significant
negative correlation found after the 1990s. The relationship
between TRS summer precipitation and AO undergoes a
gradual shift from a positive correlation prior to the 1980s
to a significant negative correlation after the 1990s (Fig. 3b).
Similarly, western Indian Ocean SST shows a persistently
increasing correlation with TRS summer precipitation for
past decades with an insignificant correlation found prior
to the 1990s and a significant positive correlation occurring
afterwards (Fig. 3c). The results of detrended and 9-year
high-pass filtered time series show a strong consistency for
the abovementioned NAO-, AO-, and western Indian Ocean-
associated running correlations.

By contrast, the running correlation between the time
series for TRS summer precipitation and the EASM index
presents an inconsistency between results of the detrended
time series and results of the 9-year high-pass filtered time
series (Fig. 3d). For the detrended time series, running cor-
relation coefficients between the time series for TRS summer
precipitation and the EASM index increase after the 1980s
and decline to smaller values in more recent years, falling
below the 95% confidence level for the whole period. On
the other hand, for the 9-year high-pass filtered time series,
running correlation coefficients between the time series for
TRS summer precipitation and the EASM index increase
to relatively large values significant at the 95% confidence
level after the 1980s and increase further in recent years. To
examine this inconsistency, two windows for the detrended
time series and 9-year high-pass filtered time series are
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«Fig. 3 Running correlation coefficients between the time series for
areal mean TRS summer precipitation and the time series for the a
NAO index, b AO index, ¢ areal mean western Indian Ocean SST
for (20°S—20°N, 40°-80°E), d EASM index, e Nifio 3.4 index, and f
Nifio 3.4 tendency index with a 21-year window. Blue lines represent
results of the detrended time series. Red lines represent results of the
9-year high-pass filtered time series. Correlation coefficients at the
95% confidence level are marked with “+” symbols

compared: windows 1985-2005 and 1994-2014. It is indi-
cated that time series for TRS summer precipitation and for
the EASM index are mainly consistent in quasi-biennial
oscillation, while the quasi-biennial oscillation is more sig-
nificant in the 9-year high-pass filtered time series than in
the detrended time series. In addition, interannual variations
in TRS summer precipitation and in the EASM are out-of-
phase after 2010, and this is reflected in the detrended time
series but not in the 9-year high-pass filtered time series
because the last five values of the 9-year high-pass filtered
time series are missing values. Accordingly, a discrepancy is
found between results for the detrended and 9-year high-pass
filtered time series.

Regarding ENSO, the summer Nifio 3.4 index shows an
increased correlation with concurrent TRS summer pre-
cipitation after the 1980s, which is measured at (below) the
95% confidence level for recent years in the 9-year high-pass
filtered (detrended) time series (Fig. 3e). The Nifio 3.4 ten-
dency index shows a significantly negative correlation with
TRS summer precipitation for recent years and an insignifi-
cant correlation for the period preceding the 1990s (Fig. 3f).
For both the detrended time series and the 9-year high-pass
filtered time series, the correlation coefficient between the
Nifio 3.4 tendency index and TRS summer precipitation is
larger than the correlation coefficient between the Nifio 3.4
index and TRS summer precipitation for recent years, reveal-
ing a closer relationship between TRS summer precipitation
and ENSO tendency from the preceding winter to the sum-
mer than with concurrent summer tropical Pacific SSTs for
recent years.

This raises the following question: why has the relation-
ship between TRS summer precipitation and global climate
system been enhanced? Changes in the correlation between
TRS summer precipitation and its influencing factors are
mostly gradual changes with the exception of a relatively
rapid change occurring in the correlation with the Nifio 3.4
tendency index for the 1980s, suggesting that the influence
of these factors on TRS summer precipitation has varied
gradually rather than suddenly over past decades. In consid-
eration of these gradual changes, the following discussions
offers insight into the above question by comparing atmos-
pheric circulation and SST anomalies associated with NAO,
EASM, western Indian Ocean SST, and Nifio 3.4 tendency
index for two periods, an earlier period 1961-1980 and a
later period 1991-2014.

4 Enhanced connections to NAO

Figure 4 shows the 500 hPa geopotential height and verti-
cally integrated WVT anomalies associated with a nega-
tive-phase summer NAO for 1961-1980 and 1991-2014.
It is indicated that for 1961-1980, a negative-phase NAO
mode is associated with a meridional see-saw pattern of
atmospheric circulation anomalies occurring over the
North Atlantic and Europe, with no observable Eurasian
wave-train patterns associated with the NAO mode and
limited impacts of NAO on downstream regions such as
central Asia, western China, and the Tibetan Plateau,
including the TRS region (Fig. 4a). By contrast, for
1991-2014, a negative-phase NAO mode is characterized
by a zonal wave pattern forming over the North Atlan-
tic and Europe with an anomalous high (low) found over
Greenland (northern Europe), which is associated with
a southeastward-propagating wave-train forming over
Eurasia and resulting in an anomalous low over the TRS
region and southwesterly WVT anomalies towards the
TRS region (Fig. 4b).

The main difference in NAO-associated atmospheric
circulation anomalies found between the two periods is a
southeastward-propagating wave-train forming over Eura-
sia during the latter period. What caused this difference?
To illustrate the source of the anomalous wave-train, the
horizontal wave activity flux associated with 500 hPa geo-
potential height anomalies is computed (Plumb 1985). As
shown in Fig. 5b, for 1991-2014, the wave activity flux
of this anomalous Eurasian wave-train originates from
the Hudson Bay-Davis Straight (HB-DS) region located
adjacent to the anomalous high center over southwestern
Greenland (Fig. 4b). Correspondingly, significant positive
atmospheric moisture anomalies are distributed across the
troposphere over the HB-DS region (Fig. 5b). In contrast,
for 1961-1980, a negative-phase NAO mode is associated
with relatively small wave activity flux and with less sig-
nificant atmospheric moisture anomalies occurring over
the HB-DS region (Fig. 5a). Thus, it can be inferred that
atmospheric activity occurring over the HB-DS region and
the adjacent anomalous warm high over Greenland play
a key role in stimulating the anomalous wave-train over
Eurasia whereby a strong (weak) anomalous warm high
over Greenland is associated with a significant (insignifi-
cant) Eurasian wave-train, as shown in Fig. 4b (Fig. 4a).

The aforementioned atmospheric moisture anomalies
may have an important impact on the formation of a strong
anomalous warm high over Greenland. Under a negative-
phase NAO, southeasterly WVT anomalies prevail over
the HB-DS region, resulting in the presence of warmer and
moister air over this region. The increased atmospheric
moisture can boost latent heat release resulting from

@ Springer



B. Sun, H. Wang

Fig.4 Anomalies of 500 hPa (a)
geopotential height (colored

1961-1980

shading, unit: gpm) and verti-
cally integrated WVT (vectors,
unit: kg m™! s7!) regressed on
the detrended and standardized
time series for the sign-reversed
NAO index for a 1961-1980
and b 1991-2014. Purple con-
tours denote the 95% confidence

%j@////
5 O = =5

S =

level of 500 hPa geopotential
height anomalies. Vectors are
only shown for WVT anomalies
significant at the 90% confi-
dence level. The domain of the

TRS region is denoted by a
blue rectangle (the same for the
subsequent figures)

Fig.5 Anomalies of vertically
integrated atmospheric moisture

(colored shading, unit: kg m~?)
and 500 hPa geopotential height
(black contours, unit: gpm)
regressed on the detrended and
standardized time series for the
sign-reversed NAO index for a
1961-1980 and b 1991-2014.
The thick black contour denotes

the zero line, and the thin solid
(dashed) line denotes a positive
(negative) value at an interval
of 5 gpm. The vectors denote

the wave activity flux associ-
ated with 500 hPa geopotential
height anomalies (unit: m=2
s72). Purple contours denote the
95% confidence level of verti-
cally integrated atmospheric
moisture anomalies

-1.5

-1.2 -0.9

climatic ascending motion over the HB-DS region during
the summer, contributing to anomalous warming over the
HB-DS region and over Greenland (Fig. 4b). More impor-
tantly, as shown in Fig. 6b, the boosted latent heating can
strengthen convective activity over the HB-DS region,
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which may induce compensatory subsidence anomalies
over southern Greenland and hence intensify the anoma-
lous high over Greenland.

Due to global warming and Arctic amplification, the
atmospheric moisture content has been increased around
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Fig.6 Anomalies of 500 hPa (a)
|

vertical velocity (colored shad-

1961 -|1 980

80N

ing, unit: Pa s_') and 500 hPa
geopotential height (black con-
tours, unit: gpm) regressed on
the detrended and standardized
time series of the sign-reversed
NAO index for a 1961-1980
and b 1991-2014. The thick
black contour denotes the zero
line, and the thin solid (dashed)
contour denotes a positive
(negative) value at an interval
of 10 gpm. Purple contours
denote the 95% confidence level

of 500 hPa vertical velocity
anomalies

the globe over past decades, including those of the Arctic
region (Held and Soden 2006; Francis and Vavrus 2012).
Hence, the latent heating of atmospheric moisture has had
an increasingly more important impact on the anomalous
warm high over Greenland during negative-phase NAO sum-
mers as the atmospheric moisture increases, which may be
a key cause of the formation of zonal wave patterns over
the North Atlantic and Europe and of an associated anoma-
lous wave-train forming over Eurasia (Fig. 4b). Figure 7
shows a schematic diagram of the different effects of latent
heating of atmospheric moisture on the anomalous warm
high over Greenland associated with negative-phase NAO
for 1961-1980 and 1991-2014. For 1961-1980 (Fig. 7a),
southeasterly WVT anomalies over the HB-DS region are
relatively minor during negative-phase NAO summers,
which is partially due to relatively small specific humid-
ity observed over the Arctic region. These weak anomalous
moisture transport branches have a limited impact on the
atmospheric moisture over the HB-DS region, which cannot

boost the latent heating significantly and thus exerts limited
effects on convective activity over the HB-DS region and on
the anomalous warm high over Greenland. In contrast, for
1991-2014 (Fig. 7b), southeasterly WVT anomalies over
the HB-DS region are significant during negative-phase
NAO summers, which is partially due to increased atmos-
pheric moisture observed over the Arctic region under global
warming. This strong anomalous moisture transport spurs a
significant effect of latent heating over the HB-DS region,
strengthening convective activity over the HB-DS region.
These convection anomalies further induce compensatory
subsidence anomalies over southern Greenland, intensify-
ing the anomalous high over Greenland. Consequently, a
strengthened anomalous warm high forms over Greenland.
This strengthened anomalous warm high in turn generates
an intensified anticyclonic WVT regime and enhances south-
easterly moisture transport over the HB-DS region as posi-
tive feedback to the boosted latent heating over the HB-DS
region. Accordingly, strengthened convective activity over
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Fig.7 Schematic diagram of the (a)
effect of latent heating of atmos-

1961-1980

pheric moisture over the HB-DS
region associated with negative-
phase summer NAO for a
1961-1980 and b 1991-2014.
For a 1961-1980, anomalous
southeasterly moisture transport
over the HB-DS region and
associated latent heating are
relatively weak and have little
influence on the anomalous
warm high over Greenland. For
b 1991-2014, southeasterly
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moisture transport over the
HB-DS region and associ-
ated latent heating are strong,
causing strengthened convec-
tion over the HB-DS region

and compensatory subsidence
anomalies over Greenland
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the HB-DS region and an intensified anomalous warm high
over Greenland occur during negative-phase NAO sum-
mers whereby a wave-train is stimulated and propagated
southeastward.

Considering that increases in SST over the HB-DS region
may also contribute to overlying convective activity, SST
anomalies and surface latent heat flux and sensible heat flux
anomalies over the HB-DS region are also examined and
present limited significance of below the 95% confidence
level. Thus, air—sea interactions occurring over the HB-DS
region are likely not a key factor related to this issue.

5 Enhanced connections to the western
Indian Ocean

Figure 8 shows anomalies of 500 hPa geopotential height and
vertically integrated WVT regressed on the time series of
areal mean SST for the western Indian Ocean (20°S—-20°N,
40°-80°E) for the summer of 1961-1980 and 1991-2014. It
is shown that for 1991-2014, warming in the western Indian
Ocean is associated with an anomalous high over the Bay of
Bengal and South China Sea, which induces southwesterly
WVT anomalies towards the TRS region and which thus
contributes to summer precipitation over the TRS region
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(Fig. 8b). For 1961-1980, warming in the western Indian
Ocean is associated with a less significant anomalous high
over the Bay of Bengal and South China Sea; hence, less
significant WVT anomalies are induced towards the TRS
region (Fig. 8a).

It has been suggested that warming in the tropical Indian
Ocean can induce/maintain an anomalous anticyclone over
the WNP during an El Nifio-decaying summer via a Kel-
vin wave-induced Ekman divergence mechanism (Wu et al.
2009; Xie et al. 2009). Strengthened convection associated
with warming in the tropical Indian Ocean stimulates a Kel-
vin wave response over the western tropical Pacific, causing
low-level easterly wind anomalies over the western tropical
Pacific and an anticyclonic wind shear over the WNP, which
further induce anomalous divergence and subsidence in the
planetary boundary layer over the WNP. Subsidence anoma-
lies in the planetary boundary layer suppress convection over
the WNP and hence cause subsidence anomalies in the trop-
osphere over the WNP, generating an anomalous high and
anticyclonic regime over the WNP. Warming in the west-
ern Indian Ocean may have similar effects and induces an
anomalous high over the Bay of Bengal and South China Sea
via the abovementioned Kelvin wave-induced Ekman diver-
gence mechanism. However, how can western Indian Ocean
warming have different effects during different periods?
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Fig.8 Anomalies of 500 hPa
geopotential height (colored
shading, unit: gpm) and verti-

(a)

the detrended and standardized
time series for areal mean SST
over the western Indian Ocean
(20°S-20°N, 40°-80°E) for a
1961-1980 and b 1991-2014.
Purple contours denote the 95% 20N L
confidence level of 500 hPa .
geopotential height anomalies.
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WVT anomalies significant at
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To answer this question, SST anomalies and 850 wind
anomalies regressed on the times series of areal mean SST
for the western Indian Ocean (20°S-20°N, 40°-80°E) are
computed for the two periods. As shown in Fig. 9a, for
1961-1980, warming of the western Indian Ocean is found
with a warming center positioned south of the equator. As
a Kelvin wave response to enhanced convection over the
western Indian Ocean, low-level easterly wind anomalies are
caused over the tropical Indian Ocean and are mainly distrib-
uted to south of the equator due to the warming center south
of the equator. Accordingly, less significant wind anomalies
are caused to the north of the equator and the climate regime
over the Bay of Bengal and TRS region is not significantly
affected. In contrast, for 1991-2014, western Indian Ocean

warming occurs with a warming center over the Arabian
Sea north of the equator (Fig. 9b). Correspondingly, low-
level easterly wind anomalies are caused over the tropical
Indian Ocean and western Pacific as a Kelvin wave response
to strengthened convection over the western Indian Ocean,
which are mainly distributed north of the equator due to
the warming center positioned north of the equator. These
easterly wind anomalies cause an anticyclonic wind shear
and an anomalous high in the troposphere over the Bay of
Bengal and South China Sea (Fig. 9b), inducing southwest-
erly WVT anomalies towards the TRS region (Fig. 8b). In
addition, different Pacific SST anomalies are associated with
the warming of the western Indian Ocean in the two periods.
For 1961-1980, the warming of the western Indian Ocean

@ Springer



B. Sun, H. Wang

Fig.9 Anomalies of SST (a)
(colored shading, unit: °C) and

1961-1980

850 hPa wind (vectors, unit: m
s7!) regressed on the detrended
and standardized time series for
areal mean SST over the west-
ern Indian Ocean (20°S-20°N,
40°-80°E) for a 1961-1980 and 1
b 1991-2014. Purple contours 0 -
denote the 95% confidence level
of SST anomalies. Vectors are

only shown for 850 hPa wind
anomalies significant at the 90%
confidence level

-0.5

-04 -0.3

occurs concurrently with cooling in the tropical Indo-Pacific
region and with warming in the tropical central and eastern
Pacific, which causes low-level westerly wind anomalies
over the tropical western Pacific (Fig. 9a). These westerly
wind anomalies are not conducive to an anticyclonic wind
shear over the South China Sea; also, descending motion
anomalies over the Maritime Continent spurred by the
cooling of the tropical Indo-Pacific region tend to induce
an anomalous low over the South China Sea via PJ/EAP
teleconnection pattern (Nitta 1987; Huang 1992). On the
other hand, for 1991-2014, western Indian Ocean warming
occurs concurrently with insignificant SST anomalies over
the tropical Indo-Pacific region (Fig. 9b).

Thus, the shift in the warming center of the western
Indian Ocean and the different concurrent Pacific SST
anomalies may be central to why TRS summer precipita-
tion has been more closely related to western Indian Ocean
SSTs in recent decades. Further studies must be conducted to
understand why the warming center over the western Indian
Ocean has shifted and why Pacific SST anomalies forming
concurrently with western Indian Ocean warming changed
during the summer.

It should be noted that a basin-wide warming of the
Indian Ocean generally occurs during an El Nifio-decaying
summer (Wu et al. 2009; Xie et al. 2009). However, western
Indian Ocean warming may also occur during a summer of
the positive-phase Indian Ocean Dipole (I0D) mode, which
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involves a contrasting relationship between western and east-
ern Indian Ocean SSTs on an interannual scale (Saji et al.
1999). The IOD is suggested to be independent of ENSO
events (Saji et al. 1999). The warming of the western Indian
Ocean during an El Nifio-decaying summer and during a
summer of the positive-phase IOD mode may have different
climate effects extending beyond the scope of the present
study.

6 Enhanced connections to ENSO

ENSO essentially modulates the East Asian summer cli-
mate via an anomalous anticyclone/cyclone forming over
the WNP (Wang et al. 2000; Wu et al. 2009). Indian Ocean
warming occurring during an El Nifio-decaying summer can
mediate effects of ENSO on this anomalous anticyclone/
cyclone over the WNP (Wu et al. 2009; Xie et al. 2009).
Convective activity over the tropical western Pacific and
Maritime Continent can also affect the anomalous anticy-
clone/cyclone over the WNP via PI/EAP teleconnection pat-
terns (Nitta 1987; Huang 1992; Sun and Wang 2015). Since
the effects of western Indian Ocean warming are clarified in
Sect. 5, this section focuses on effects associated with con-
vective activity over the Maritime Continent. Atmospheric
circulation anomalies regressed on the Nifio 3.4 index and
Nifio 3.4 tendency index are computed for 1961-1980 and
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1991-2014. The results suggest that an enhanced latent heat-
ing of atmospheric moisture over the Maritime Continent
has been central to the increased correlation found between
TRS summer precipitation and the Nifio 3.4 index/Nifio 3.4
tendency index over recent years, as follows. Given the more
significant correlation found between TRS summer precipi-
tation and the Nifio 3.4 tendency index for recent years, the
following discussion is mainly based on results derived from
the Nifio 3.4 tendency index.

Figure 10 shows 500 hPa geopotential height and
vertically integrated WVT anomalies regressed on the

sign-reversed Nifio 3.4 tendency index, which show cli-
mate anomalies for an El Niflo-decaying summer. For
1991-2014, an El Niflo-decaying summer is character-
ized by an anomalous high forming over the WNP and
Indo-China Peninsula, which causes southwesterly WVT
anomalies towards the TRS region along its northwest-
ern flank, contributing to summer precipitation over the
TRS region (Fig. 10b). In contrast, for 1961-1980, an El
Nifio-decaying summer is characterized by the presence of
insignificant geopotential height anomalies over the WNP
and by insignificant WVT anomalies found over the TRS

Fig. 10 Anomalies of 500 hPa a
geopotential height (colored ( ) 1961 _|1 980 |
shading, unit: gpm) and verti- —
cally integrated WVT (vectors,
unit: kg m~! s71) regressed on i
the detrended and standardized
time series of the sign-reversed
Niflo 3.4 tendency index for a 30N —
1961-1980 and b 1991-2014.
Purple contours denote the 95% i
confidence level of 500 hPa
geopotential height anomalies.
Vectors are only shown for 1
WVT anomalies significant at
the 90% confidence level 0 -
’
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region (Fig. 10a). This difference is partially attributed
to the difference in the meridional wave-train stimulated
by convective activity over the Maritime Continent, i.e.,
PJ/EAP teleconnection patterns. As shown in Fig. 11a, b,
during an El Nifio-decaying summer, convection anoma-
lies over the Maritime Continent are more significant
for 1991-2014 (Fig. 11b) than for 1961-1980 (Fig. 11a)
whereby a more significant PJ/EAP teleconnection pattern
is stimulated for 1991-2014, generating more subsidence
anomalies over the WNP. Strengthened convective activ-
ity over the Maritime Continent observed for 1991-2014
are largely attributed to enhanced latent heating of atmos-
pheric moisture. As shown in Fig. 11c, d, more signifi-
cant positive moisture anomalies are distributed over the
Maritime Continent during El Nifio-decaying summers of
1991-2014 than of 1961-1980, denoting more significant
effects of latent heating occurring with convection over

w (1961-1980)
! | | ! !

30N

60E 90E 120E
I T [ [ [ |
10-8 6 -4 2 0 2

(c)

Moisture (1961-1980)
| ! . | ! !

|
60E 90E 120E 150E 180
I [ [ [ [[[[ [T
18 -12 -0.6 0 06 1.2 1.8

Fig. 11 Anomalies of a, b 500 hPa vertical velocity (unit: Pa s7h
and ¢, d vertically integrated atmospheric moisture (unit: kg m~2)
regressed on the detrended and standardized time series of the sign-
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the Maritime Continent. Atmospheric circulation anoma-
lies regressed on the sign-reversed Nifio 3.4 index also
highlight the importance of enhanced latent heating on
enhanced convective activity over the Maritime Conti-
nent observed during summers of tropical central-eastern
Pacific cooling for 1991-2014. Thus, the enhanced con-
nection found between TRS summer precipitation and
ENSO is partially attributed to enhanced latent heating of
atmospheric moisture over the Maritime Continent, which
is fundamentally attributable to increased atmospheric
moisture content under global warming.

In addition, different SST anomalies are also observed
for two periods of an El Nifio-decaying summer (fig-
ure not shown). Positive (insignificant) SST anomalies
are observed over the Arabian Sea during an El Nifio-
decaying summer of 1991-2014 (1961-1980). This differ-
ence also contributes to a different relationship between

(b)

w (1991-2014)
! ! | ! !

90E 120E

I [ [ [ [
-10-8 -6 -4 2 0 2

(d)

Moisture (1991-2014)
| ! ! | ! !
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- 30N -
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60E 90E 120E 150E 180
N [ [ [ [[[ [T
1.8 12 -06 0 06 1.2 18

reversed Nifio 3.4 tendency index for a, ¢ 1961-1980 and b, d 1991
2014. Purple contours denote the 95% confidence level



Enhanced connections between summer precipitation over the Three-River-Source region of...

TRS summer precipitation and preceding winter El Nifio
events for the two periods because of the effect of western
Indian Ocean warming on TRS summer precipitation, as
noted above.

The atmospheric circulation anomalies regressed on
the sign-reversed Nifio 3.4 index resemble atmospheric
circulation anomalies regressed on the sign-reversed Nifio
3.4 tendency index. In particular, significant negative
anomalies of 500 hPa geopotential height found over the
Indian Ocean correspond to a negative anomaly of the
Nifio 3.4 index for 1961-1980 and 1991-2014. These are
not detected in atmospheric circulation anomalies corre-
sponding to a negative anomaly of the Nifio 3.4 tendency
index. This discrepancy reveals different Indian Ocean
summer climate during a summer of tropical central-
eastern Pacific cooling and during an El Nifio-decaying
summer.

Fig. 12 Anomalies of 500 hPa
geopotential height (colored

7 Enhanced connections to the EASM

Considering the significant correlation found between TRS
summer precipitation and the EASM index for 9-year high-
pass filtered time series of recent decades (Fig. 3d), the dis-
cussion presented in this section is mainly based on climate
anomalies regressed on the 9-year high-pass filtered time
series of the EASM index.

Figure 12 shows 500 hPa geopotential height anomalies
and vertically integrated WVT anomalies associated with
the EASM for 1961-1980 and 1991-2014. For 1961-1980,
a strengthened EASM is mainly associated with an anoma-
lous low over mid-latitudinal East Asia and with an anom-
alous high centered over the seas adjacent to eastern China
(Fig. 12a). The anomalous low exerts northwesterly WVT
anomalies over the TRS region, carrying cold and dry air
into the TRS region and resulting in reduced atmospheric
moisture over the TRS region. In contrast, from 1991 to
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2014, a strengthened EASM is associated with a strong
anomalous high extending from the WNP to the Bay of
Bengal, inducing southwesterly WVT anomalies towards
the TRS region that have important effects on TRS sum-
mer precipitation (Fig. 12b). Moreover, from 1991 to
2014, a strengthened EASM is associated with warming
in the western Indian Ocean and in the tropical western
Pacific whereas from 1961 to 1980, the EASM is asso-
ciated with insignificant SST anomalies observed in the
Indian Ocean and tropical western Pacific (Fig. 13). Thus,
the enhanced connection found between TRS summer pre-
cipitation and the EASM may be essentially attributed to
the enhanced impact of the Indian Ocean and ENSO on
the anomalous high over the WNP and Bay of Bengal, as
analyzed in Sects. 5 and 6.

The EASM is also associated with an Eurasian wave-
train pattern observed in recent years, revealing an effect
of climate signals from northern Europe and the North
Atlantic on the EASM not observed for 1961-1980 (figure
not shown). This Eurasian wave-train pattern somewhat
resembles the Eurasian wave-train associated with summer
NAO but with discernible differences. Further insight into
this issue could facilitate a better understanding of EASM
variability observed in recent years.

Fig. 13 Anomalies of SST
(colored shading, unit: °C)

8 Conclusion and discussion

This study found an enhanced correlation between the inter-
annual variability of TRS summer precipitation and NAO,
AO, western Indian Ocean SST, ENSO, and the EASM,
revealing an enhanced relationship between the summer cli-
mate over the TRS region and the global climate system. The
comparison of associated climate anomalies for 1961-1980
and 1991-2014 shows that NAO has an enhanced influence
on TRS summer climate via an anomalous Eurasian wave-
train originating from the HB-DS region, which is stimu-
lated by anomalous convective activity over the HB-DS
region resulting from enhanced latent heating of atmos-
pheric moisture. This enhanced effect of latent heating is
also central to the enhanced influence of ENSO on TRS
summer climate where convective activity over the Maritime
Continent and associated PJ/EAP teleconnection pattern
become more significant during an El Nifio-decaying sum-
mer due to enhanced latent heating over the Maritime Con-
tinent observed in recent years, as well as during a summer
of tropical central-eastern Pacific cooling. Western Indian
Ocean warming has had a growing influence on TRS sum-
mer climate because of a shift in its warming center from
south of the equator to north of the equator, which warrants
further study.

regressed on the standardized
9-year high-pass filtered time
series for the EASM index for
a 1961-1980 and b 1991-2014.
Purple contours denote the 95%
confidence level
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The enhanced connection found between TRS summer
precipitation and the global climate system reflects the
increasingly important effects of latent heating because of
increased atmospheric moisture content around the globe
under global warming. According to the Clausius—Clap-
eyron equation for saturation vapor pressure, water vapor
increases by approximately 7% with 1 °C of warming
(Held and Soden 2006). Correspondingly, a trend of
increasing global atmospheric water vapor is found from
observational and reanalysis data for the past several dec-
ades, although there are discrepancies between different
datasets (Trenberth et al. 2005; Huntington 2006). Par-
ticularly for the Arctic region, a positive trend in column-
integrated water vapor is observed for the northern North
Atlantic that peaks during the summer (Serreze et al.
2012). These results and the results of this study high-
light a need for more attention to the climate effects of
increased atmospheric moisture content. In addition, the
increased atmospheric moisture content observed over the
Arctic is largely attributed to Arctic amplification, which
is suggested to be essentially caused by diminishing sea
ice (Screen and Simmonds 2010). Hence, the impacts of
reduced Arctic sea ice on mid-latitudinal weather and cli-
mates also warrant examination with a focus on the role
of increased atmospheric moisture (Liu et al. 2012; Li and
Wang 2013, 2014).

The interannual variability of SST over the western
Indian Ocean has undergone a shift in its warming center
for unknown reasons. Hypothetically, this shift in the warm-
ing center over the western Indian Ocean may be related to
a shift in the IOD mode inherent of the Indian Ocean (Saji
et al. 1999). A series of questions can be raised on this issue.
Is this shift in the warming center over the western Indian
Ocean associated with ENSO? Is it mainly due to internal
ocean variability or air-sea interactions (Hu and Li 2017)?
How will it change in the future? All these questions require
further study.

Although the correlation between the time series for
TRS summer precipitation and the EASM index has been
enhanced over past decades, an out-of-phase relation-
ship between TRS summer precipitation and the EASM
is observed in the time series after 2010. This implies the
presence of uncertainty in the relationship between TRS
summer precipitation and the EASM. The reason for this
out-of-phase relationship after 2010 requires further study.
In addition, other EASM indices should be used to examine
the robustness of the results of this study.
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