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Abstract: Using multiple observational and reanalysis data, this paper investigates the impact of
the interdecadal shift in summer Arctic Oscillation (AO) on precipitation in East Asia, by removing
ENSO influences. The results indicate that the lower-layer activity center of summer AO in Atlantic
shifted eastward after the mid-1980s. This regime shift of summer AO has a significant impact on
precipitation in East Asia. Before the mid-1980s, the key regions in which precipitation was affected
by AO in East Asia were northern East Asia and Northeastern China and adjacent regions. After the
mid-1980s, the key regions in which precipitation was affected by AO in East Asia were central Inner
Mongolia and Southern China. The mechanism of precipitation changes can be attributed to changes
in atmospheric circulation and water vapor transport related to AO changes. After the mid-1980s, the
influence of AO on geopotential height over northern East Asia weakened; meanwhile, the impact
of AO on geopotential height over China increased. Consistent with the changes in atmospheric
circulation, water vapor transport in East Asia also underwent interdecadal changes before and after
the mid-1980s. The differences in atmospheric circulation and water vapor transport in East Asia
can be traced back to the North Atlantic. Before the mid-1980s, wave activity flux related to summer
AO tended to propagate in high latitudes and subtropics; after the mid-1980s, the wave activity flux
changed in its subtropical path and propagated eastward from the North Atlantic through the Middle
East to China, significantly affecting the summer precipitation in China.

Keywords: Arctic Oscillation; East Asia; summer precipitation; regime shift; water vapor transport;
wave activity flux

1. Introduction

The Arctic Oscillation/North Atlantic Oscillation (AO/NAO) is the most important cli-
mate mode in the high-latitude regions of the Northern Hemisphere [1–4], with significant
impacts on the Northern Hemisphere and regional climate variations [5–21]. The climate
impacts of AO/NAO on the Eurasian continent are particularly pronounced. In recent
decades, despite global warming, the much colder winters in mid-latitudes of Eurasia com-
pared to the average have been associated with the negative phase of AO/NAO [22–24].
Zuo et al. [17] reported that the significant intra-seasonal zonal migration of AO/NAO in
the center of the Azores led to different impacts of AO on temperature anomalies in early,
mid, and late winter over Southern China from 1979 to 2011. Specifically, a weak positive
relationship occurred in December, while a significant negative relationship occurred in
January and February. It has been suggested that AO was at least partially related to the
frequent and prolonged snowstorms in Central and Southern China in January 2008 [25].
In addition, accompanied by the obvious changes in the southern branch of the westerly
jet stream to the south of the Tibetan Plateau, AO has exerted an important influence on
large-scale winter precipitation events in China through its control of the water vapor
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supply and weather activities [26–28]. The out-of-phase pattern of summer precipitation
in the Yangtze River Basin and Southeastern China is related to the March NAO, while
the out-of-phase pattern of summer precipitation in Northern China and the Yangtze
River Basin is related to the January NAO [29]. Gong and Wang [30] and Xu et al. [31]
revealed the in-phase relationship between the winter NAO and precipitation anomalies
in Southwestern China. The Asian summer (e.g., [7,32]) and winter monsoon systems
(e.g., [6,9,33]) are both affected by AO/NAO variations. A previous study found that the
spatial structure of the North Pacific center of the spring AO is crucial for its impact on
ENSO in the following winter [34]. In recent decades, global warming and the regional
Arctic warming have been influenced by the combined effects of the Arctic Oscillation, the
North Atlantic Oscillation, the Atlantic Multidecadal Oscillation, and the Pacific Decadal
Oscillation [35,36]. Global warming and the regional Arctic warming are key drivers of the
accelerated decline in summer Arctic sea ice [35,36]. The AO and NAO associated with
adiabatic warming and humidification anomalies in the lower troposphere resulting from
subsidence may exacerbate sea ice loss [37].

AO is significant in all seasons and strongest in winter. Previous studies have reported
that the impact of AO on regional climates may be unstable during its strongest season
(i.e., boreal winter) [18,38–45]. For instance, Li et al. [40] revealed that the relationship
between AO and ENSO strengthened after the mid-1990s. Huang et al. [41] demonstrated
that the connection between AO and the Siberian High was not stable in winter. In the
past few decades, the relationship between the winter AO and the East Asian winter
monsoon index has also undergone prominent interdecadal changes, and the relationship
between the two has strengthened since 1983 [39]. Gong et al. [45] found that the winter AO
undergoes interdecadal changes, and its impact on the East Asian surface air temperature
(SAT) varies accordingly. Before the mid-1980s, the winter AO had a weak impact on the
East Asian SAT and subsequently the impact increased.

Summer precipitation is often an important factor in determining the annual yields
of crops [46,47]. In summer, AO is also likely to undergo interdecadal changes and have
different impacts on summer precipitation in East Asia. Based on this issue, we explored
the interdecadal variation in summer AO variability, as well as the relationship and the
influencing mechanism between the summer AO and East Asian precipitation during
different sub-periods. The remainder of this article is arranged as follows. Section 2
introduces the data and methods. Section 3 investigates the impact of the summer AO
on precipitation in East Asia for different sub-periods. Section 4 further analyzes the
corresponding mechanisms. A summary and discussion is provided in Section 5.

2. Data and Methods
2.1. Data

This study used two sets of atmospheric circulation data. One comprised the monthly
global data from the National Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP-NCAR) reanalysis (NCEP1; [48]), with a horizontal
resolution of 2.5◦ × 2.5◦, spanning from 1948 to 2021. We examined the sea level pressure
(SLP), 850 and 200 hPa geopotential height fields (Z850 and Z200, respectively), zonal and
meridional wind, and specific humidity. To verify the robustness of the results, we also
calculated values based on another dataset for comparison, i.e., the Twentieth Century
Reanalysis, version 3 (20CRv3; [49]). The 20CRv3 dataset has a 1◦ × 1◦ horizontal resolution,
spanning from 1851 to 2015.

Two sets of precipitation data were used in this study. One comprised the monthly
land precipitation dataset from the GPCC [50], i.e., the Global Precipitation Climate Centre,
with a spatial resolution of 1◦ × 1◦. The research period of the GPCC data was selected
covering 1948 to 2021, with the 1948–2016 data from the v2018 version and the 2017–2021
data from the first guess version. For these GPCC data, in the East Asia region, a total
number of 4284 rain gauges are utilized, averaged from 1948 to 1984; a total number
of 2984 rain gauges are utilized, averaged from 1985 to 2016. The other precipitation
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dataset was obtained from the Physical Sciences Laboratory (PSL; [51]) in the University
of Delaware. The time period for this precipitation dataset is from 1900 to 2017, with a
horizontal resolution of 0.5◦ × 0.5◦.

Considering that NCEP1 and GPCC cover a relatively recent period of time and the
GPCC precipitation dataset is widely used, this article mainly reports the results based on
the NCEP1 data and GPCC precipitation dataset.

We also used the monthly Extended Reconstructed Sea Surface Temperature version 5
(ERSSTv5, [52]) dataset, with a horizontal resolution of 2◦ × 2◦.

2.2. Methods

This study focused on the interannual variability of AO under the background of
interdecadal changes. The seasonality cycles were removed first in the data, and then the
linear trends in all datasets were removed. Then, we applied a 3–120-month bandpass filter
to all datasets.

Using empirical orthogonal function (EOF; [53]) decomposition, the summertime AO
pattern is defined as the first EOF mode of the Z850 anomalies north of 20◦ N [3] during
1948–2021. The corresponding time series (TSs) of EOF1 represents the summer AO index.
Here, the summer represents June, July, and August (JJA).

This study explains the mechanism of AO affecting precipitation in East Asia from
three aspects: the geopotential height, water vapor transport, and the wave activity flux.

The atmospheric wave flux displays the propagation of waves in the atmosphere. This
article presents the fluctuation changes in wave activities related to summertime AO during
different periods. The expression for wave activity flux (W) is as follows, based on Takaya
and Nakamura [54]:

W =
pcos φ
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where ψ′ represents the stream function anomalies, a denotes the radius of the Earth, U
and V, respectively, are the zonal and meridional components of the basic flow, |U| is the
climatological mean wind speed, p is the pressure divided by 1000 hPa, and (φ, λ) indicates
the latitude and longitude, respectively.

The El Niño Southern Oscillation (ENSO) also has an impact on precipitation in East
Asia [55–57]. To investigate the impact of AO on summer precipitation in East Asia by
removing the influence of ENSO, a partial correlation method was used [58]. The partial
correlation is expressed as follows [58]:

Rab,c =
Rab − RacRbc√

(1 − R2
ac)

(
1 − R2

bc
) (2)

where Rab represents the correlation coefficient between variable a and variable b, while Rab,c
is the partial correlation between variable a and variable b after the influence of variable c is
excluded. The ENSO signal is expressed by the monthly Nino 3.4 sea surface temperature
(SST), which is the average of the SST anomalies in the region (5◦ N–5◦ S, 170◦ W–120◦ W).

3. Impacts of AO on Precipitation in East Asia before and after Mid-1980s
3.1. Interdecadal Changes in AO in the North Atlantic

AO has undergone significant interdecadal changes in the North Atlantic Ocean.
A previous study showed that AO/NAO strengthened during winter in the mid-1980s [19].
Our results also indicate that, during summer, AO/NAO strengthened in the mid-1980s
(Figure 1). In terms of sea level pressure (SLP), the relationship between AO and SLP in the
Atlantic Ocean and the whole Eurasian continent changed in the mid-1980s. Particularly
in the Atlantic Ocean and the neighboring Europe, before the mid-1980s, the positive
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correlation between AO and SLP was mainly confined to Western Europe (Figure 1a). After
the mid-1980s, the correlation between AO and SLP in the North Atlantic, Western Europe,
and Scandinavia significantly increased (Figure 1b). Such a regime shift of the SLP is a
manifestation of the strengthening of AO/NAO. After removing the influence of ENSO,
the results are consistent. With the interdecadal changes in AO, its impact on precipitation
in Europe also changes, which is a local effect.
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Figure 1. Regression of the JJA SLP on the AO index (a) from 1948 to 1984 and (b) from 1985 to 2021
over the North Atlantic. All the indices have been normalized. The dotted areas indicate that the
correlations are significant at a 90% confidence level.

3.2. Impacts of AO on Precipitation in East Asia

This study primarily discusses the impact of AO on precipitation in East Asia during
different sub-periods and the mechanisms. Especially in China, which is under the control
of the East Asian summer monsoon, flood season disaster events are often prone to occur in
summer. Considering that ENSO also has an impact on precipitation in Eurasia [59–62], this
study compares the relationship between summertime AO and East Asian precipitation
for different sub-periods, with the influence of ENSO excluded (Figure 2). Considering
that precipitation is influenced by multiple factors and is complex, previous studies on
precipitation (e.g., [44,61,63,64]) have used a confidence level of 80% to 90%. Thus, the use
of 90% as the confidence level for precipitation in this study is also regarded as significant
and credible. Before the mid-1980s (Figure 2a), significant negative correlations were
located in northern East Asia; significant positive correlations were located in the northeast
of China and adjacent regions. After the mid-1980s (Figure 2b), there was a significant
change in the key regions. The negative correlation in northern East Asia disappeared, and
the positive correlation around Northeastern China shifted northwestward to the north of
55◦ N. At the same time, two key regions with a positive correlation emerged, with one
appearing in central Inner Mongolia and adjacent areas and the other in Southern China
(Figure 2b).
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Figure 2. Partial correlations (by removing the influence of ENSO) between JJA precipitation and the
JJA AO index (a) from 1948 to 1984 and (b) from 1985 to 2021. All the indices have been normalized.
The dotted areas indicate that the partial correlations pass the confidence test at a 90% confidence
level. The red boxes represent the four key precipitation areas selected.

To quantitatively identify the contributions of AO to the precipitation anomalies in
East Asia, four key precipitation regions were selected based on the significant correlation
areas in Figure 2. The key regions are northern East Asia (NEA, 115◦ E–134◦ E, 63◦ N–70◦

N), Northeastern China and adjacent regions (NECA, 121◦ E–133◦ E, 50◦ N–53◦ N), central
Inner Mongolia and adjacent regions (CIMA, 104◦ E–113◦ E, 37◦ N–43◦ N), and Southern
China (SC, 105◦ E–117◦ E, 18◦ N–27◦ N). The area-averaged precipitation anomalies in
these four chosen regions were calculated to construct corresponding precipitation indices.

Figure 3 displays the scatter diagrams of the AO index versus precipitation in the
above four key regions over the two sub-periods. Before the mid-1980s, the AO mode
significantly influenced the summer precipitation in northern East Asia (Figure 3a) and
Northeastern China and adjacent regions (Figure 3c). Among them, the AO index was
negatively correlated with the NEA_Rain index (correlation = −0.42, Figure 3a) and the AO
index was positively correlated with the NECA_Rain index (correlation = 0.27, Figure 3c),
both significant at a 90% confidence level. There were nine (eight) rainy (drought) summer
events in northern East Asia (Figure 3a) before the mid-1980s, among which four (three)
years were influenced by AO. Accordingly, AO contributed to 44% (38%) of the rainy
(drought) summer events in northern East Asia. Similarly, there were five (seven) rainy
(drought) summer events in Northeastern China and adjacent regions, with one (three)
year dominated by AO (Figure 3c). Therefore, AO accounted for about 20% (43%) of the
rainy (drought) summer events in Northeastern China and adjacent regions.

After the mid-1980s, the AO mode no longer significantly affected the precipitation in
northern East Asia and Northeastern China (Figure 3b,d), but it could significantly influence
the summer precipitation in central Inner Mongolia and its adjacent regions, as well as in
Southern China (Figure 3f,h). The AO index was positively correlated with the CIMA_Rain
index (correlation = 0.29, Figure 3f) and the AO index was positively correlated with the
SC_Rain index (correlation = 0.27, Figure 3h), both significant at a 90% confidence level.
During 1985–2021, there were seven (six) summer rainy (drought) events in central Inner
Mongolia, with three (two) years affected by AO, and seven (six) summer rainy (drought)
events in Southern China, with two (three) years affected by AO. The contribution rates of
AO to summer rainy (drought) events in central Inner Mongolia and Southern China were
43% (33%) and 29% (50%), respectively.
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4. The Mechanism of AO Affecting Summer Precipitation in East Asia 
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We first examined the geopotential height at the low-layer atmosphere (850 hPa). In 
the North Atlantic and neighboring regions, compared to before 1985 (Figure 4a), the pos-
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northward and extended eastward after 1985. In this region, the variation in the 850 hPa 

Figure 3. Scatterplot of AO index (x axis) versus (a) NEA_Rain, (c) NECA_Rain, (e) CIMA_Rain,
and (g) SC_Rain (y axis) before the mid-1980s. (b,d,f,h) as in (a,c,e,g), but for the period after the
mid-1980s. The green (brown) dots represent rainy (drought) summer events with normalized values
greater than (less than) 0.90 (−0.90). The bolded green (brown) dots indicate the rainy (drought)
summer events contributed by AO (i.e., the absolute value of the standardized AO index exceeds
0.90). The bolded r indicates that the correlation is statistically significant at a 90% confidence level.

4. The Mechanism of AO Affecting Summer Precipitation in East Asia
4.1. Geopotential Height

We first examined the geopotential height at the low-layer atmosphere (850 hPa).
In the North Atlantic and neighboring regions, compared to before 1985 (Figure 4a), the
positive center of the wave train modes related to AO over Western Europe had a noticeably
larger spatial range and stronger amplitude after 1985 (Figure 4b). This center also moved
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northward and extended eastward after 1985. In this region, the variation in the 850 hPa
geopotential height field (Figure 4) was consistent with the variation in the sea level
pressure field (Figure 1). These results indicate that the interdecadal variability of AO
is associated with changes in its lower-layer atmospheric spatial pattern over the North
Atlantic and adjacent regions. The manifestation of this change in summer involves an
obvious eastward shift and increased amplitude, consistent with the winter situation [17].
Therefore, the different teleconnection effects of AO on the downstream regional climate
are largely attributed to the significant zonal migration of the lower-layer AO activity center
over the North Atlantic sector.
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Figure 4. Partial correlations (by removing the influence of ENSO) between the JJA Z850 and the
JJA AO index (a) from 1948 to 1984 and (b) from 1985 to 2021. All the indices have been normalized.
The dotted areas indicate that the partial correlations pass the confidence test at a 90% confidence level.

In East Asia, the spatial pattern of the low-level atmospheric geopotential height
related to AO has also undergone significant changes since the mid-1980s. Before the
mid-1980s, the 850 hPa geopotential height in northern East Asia was positively correlated
with AO (Figure 4a), and the positively correlated area was distributed in an east–west
zonal pattern. The correlation between AO and the 850 hPa geopotential height field in
China was weak and not significant during this period. After the mid-1980s (Figure 4b),
the influence of AO on the 850 hPa geopotential height in northern East Asia weakened.
The impact of AO on the 850 hPa geopotential height in the China region increased.

The influence of AO on the potential height field of the upper atmosphere (Figure 5)
also showed interdecadal variations before and after 1985, especially in East Asia. Before
the mid-1980s (Figure 5a), there was a significant positive correlation between the 200 hPa
geopotential height and AO in northern East Asia; there were weak negative correlations
in Northern China, Mongolia, and the vicinity of Sakhalin Island, and a weak positive
correlation in Southern China. After the mid-1980s (Figure 5b), the influence of AO on
the 200 hPa geopotential height in northern East Asia weakened, while the impact of AO
on the 200 hPa geopotential height in China increased. Among them, Northern China



Atmosphere 2024, 15, 283 8 of 18

is a significantly positively correlated region, while Southern China is a significantly
negatively correlated region. The results obtained from the 20CRv3 data are consistent
with those obtained from the NCEP1 (Figures 4 and 5) data, both in the lower- and upper-
level atmosphere.
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These results indicate that, around 1985, atmospheric circulation anomalies related to
AO exhibited different spatial patterns in the mid and high latitudes of Eurasia, transporting
the non-stationary AO effects eastward to East Asia through zonal wave trains in the mid
to high latitudes, further leading to changes in the relationship between summer AO and
East Asian summer precipitation anomalies.

4.2. Water Vapor Transport

Water vapor is an important factor leading to rainfall. Water vapor is mainly dis-
tributed over the lower troposphere; the low-level anomalous cyclonic (anticyclonic) cir-
culation related to summer AO corresponds to the anomalous convergence (divergence)
of moisture over Eurasia (Figure 6). The convergence (divergence) of the water vapor
is usually associated with an increase (decrease) in rainfall. The patterns of the 850 hPa
moisture flux (Figure 6) explain the precipitation patterns (Figure 2). The following analysis
of water vapor flux is for the situation in which AO is in the positive phase; for negative
AO years, the situation is the opposite.
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Before the mid-1980s, for positive AO years, a moisture divergence center emerged
over northern East Asia (Figure 6a), which explains the negative precipitation anomaly in
northern East Asia during this period (Figure 2a). Additionally, a water vapor convergence
center emerged near Northeastern China (Figure 6a), and the easterly airflow in the northern
part of the cyclone enhanced the water vapor transport from the Northwest Pacific to
Northeastern China, resulting in an increase in precipitation in Northeastern China and
adjacent areas (Figure 2a).

After the mid-1980s, for positive AO years, the divergence center in northern East Asia
disappeared (Figure 6b). Therefore, the negative precipitation anomaly in northern East
Asia disappeared after the mid-1980s (Figure 2b). At the same time, due to the convergence
center near Northeastern China moving approximately 10◦ northward (Figure 6b), the
area of positive anomalous precipitation in Northeastern China also moved northward
(Figure 2b). In addition, a water vapor divergence center emerged on the Korean Peninsula
(Figure 6b), and a large amount of eastward water vapor was continuously transported to
the eastern areas of China. These water vapor centers are divided into two paths (Figure 6b):
one enters central Inner Mongolia and adjacent areas, causing positive precipitation anoma-
lies there; and the other is transported southward to Southern China, resulting in abundant
summer rainfall there (Figure 2b). In addition, water vapor transport into Inner Mongolia
can extend further inland and be transported to northern Qinghai Province and western
Xinjiang Province (Figure 6b). Hence, positive precipitation anomalies can also be observed
in some regions of Northwestern China (Figure 2b).
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Figure 7 further illustrates the vertically integrated water vapor flux from the surface
to 300 hPa, which is consistent with the low-level water vapor flux pattern in Figure 6.
However, the intensity of the integrated water vapor flux is stronger, especially for the
second sub-period (Figure 7b). These results indicate that water vapor transport anomalies
related to AO exhibit different spatial distribution characteristics in the Eurasian region be-
fore and after the mid-1980s, leading to significant interdecadal changes in the relationship
between AO and summer precipitation anomalies in East Asia.
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From the perspective of the water vapor budget, Figure 8 displays the divergence of
the vertically integrated water vapor flux. Focusing on the East Asian region, before the
mid-1980s (Figure 8a), for positive AO years, a divergence center of vertically integrated
water vapor flux appeared over northern East Asia, corresponding to the negative precip-
itation anomaly in northern East Asia before the mid-1980s (Figure 2a). Additionally, a
convergence center of vertically integrated water vapor flux appeared near Northeastern
China, corresponding to the positive precipitation anomaly in Northeastern China and
adjacent areas (Figure 2a). Meanwhile, after the mid-1980s (Figure 8b), for positive AO
years, the divergence center and the related negative precipitation anomaly (Figure 2b) in
northern East Asia disappeared. At the same time, the convergence center near Northeast-
ern China and the related positive precipitation anomaly (Figure 2b) moved northward.
In addition, convergences emerged in central Inner Mongolia and adjacent areas, agreeing
well with the positive precipitation anomalies there (Figure 2b), and convergences also
emerged in Southern China, agreeing well with the plentiful rainfall there (Figure 2b).
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These results based on the divergence of the vertically integrated water vapor flux are
consistent with those from the lower-level and integrated water vapor flux.
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4.3. Wave Activity Flux

Regarding large-scale circulations in mid–high latitudes, Rossby waves are the main
mechanism for their formation and maintenance. A previous study suggested that the
persistent anomalies in atmospheric circulation are clearly connected with planetary wave
activity [65]. The propagation of quasi-steady planetary waves involves wave energy
dispersion, and its propagation and evolution are dynamic processes closely related to
the interaction between waves and currents. Due to the mid-latitude westerlies acting
as Rossby wave guides [66], wave energy propagates eastward along the westerly belt
to East Asia. This process can be accurately represented by examining the wave activity
flux. Takaya and Nakamura [54,67] proposed the concept of the TN wave activity flux
and demonstrated that the wave activity flux is parallel to the local group velocity of
the Rossby wave, which can be used to describe the propagation of atmospheric wave
trains. Many studies have shown that atmospheric wave trains play an important role in
influencing temperature and precipitation patterns. For instance, a study [68] found that
the atmospheric wave trains across the mid–high latitudes of Eurasia made a considerable
contribution to the persistent heavy rainfall events in Southern China during the first
rainy season (April–June). It is reported that the simultaneous summer heat waves over
Northern China and Eastern Europe are caused by atmospheric teleconnections over the
Eurasian continent [69]. The springtime atmospheric wave activity can lead to temperature
anomalies over Eurasia through wind-induced horizontal temperature advection and cause
precipitation anomalies by regulating the upper and lower tropospheric divergence [70].
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The summer AO/NAO can significantly modulate the Asian summer climate vari-
ability via Rossby wave trains (e.g., [13,71–78]). These Rossby waves associated with
AO/NAO include the circumglobal teleconnection pattern (CGT) or the Silk Road pattern
(SRP) (e.g., [66,72,79–82]). The SRP is an important component of the CGT and can be
considered as the CGT on the Eurasian continent (e.g., [72,82]).

The SRP or CGT, modulated by AO (e.g., [74,76,83–85]), not only influences the sum-
mer precipitation in Europe [72], India [72,86], Central Asia [87,88], etc., but also extends
eastward to further influence the summer precipitation in East Asia (e.g., [80,85]), including
China (e.g., [81,89]). For example, Jin and Guan [81] found that the CGT can act as a bridge
in the relationship between AO and the Hetao–Yangtze rainfall seesaw in China. During
the positive AO phase, due to the impact of the CGT, the circulations over Hetao and the
middle and lower reaches of the Yangtze River (MLRYR) were disturbed, and consequently
the north–south rainfall seesaw was generated. Hong et al. [85] indicated that NAO was
closely associated with the SRP, and Du et al. [89] reported that the circulation anomalies
associated with extreme drought in Northern China were related to the eastward shift of
the negative phase of the summer AO/NAO.

According to Takaya and Nakamura [54], Figure 9 shows the spatial patterns of the
200 hPa wave activity flux associated with the summertime AO in two sub-periods. Before
the mid-1980s (Figure 9a), for positive AO years, the wave activity flux is strong in the North
Atlantic region. The AO activity center over the North Atlantic seems to favor a branch
of anomalous wave activity flux that propagates eastward into the Northern Eurasian
continent and forms a wave train across the high latitudes of Eurasia, consistent with the
wave train along the subpolar waveguide [66]. During this period, positive stream function
anomalies dominated northern East Asia (Figure 9a), leading to negative precipitation
anomalies in this region (Figure 2a). Meanwhile, for its subtropical branch, the Atlantic
divergences as well as the Mediterranean convergence anomalies in the upper troposphere
appeared as the Rossby wave source and excited the CGT in the subtropics (Figure 9a).

After the mid-1980s (Figure 9b), the AO-associated anomalous wave activity remained
strong in the North Atlantic region, but the high-latitude wave train disappeared. At this
time, the wave train’s position on the Eurasian continent tended to be southward, and the
subtropical path of the waves was significantly changed (Figure 9b). This wave train is
accompanied by positive stream function anomalies over Europe and the Arabian Penin-
sula, as well as negative stream function anomalies over the Mediterranean and North
Africa. They propagate from the North Atlantic through the Middle East into East Asia,
forming a meridional dipole mode in the stream function in China, significantly affect-
ing summer precipitation in China (Figure 2b). This subtropical propagation has been
recognized in previous studies [28,32]. In the upper troposphere, anomalous divergences
in the North Atlantic and anomalous convergences in the Mediterranean could also be
observed (Figure 9b). The Atlantic divergences as well as the Mediterranean convergence
anomalies also emerged as the Rossby wave source and excited the CGT, displaying the
eastward propagation of the Rossby wave in the subtropics and becoming stronger in
China (Figure 9b). In other words, the subtropical path of the wave train resembles the
circumglobal teleconnection (CGT) pattern [72,81].

In short, the anomalous wave activity flux serves as a bridge connecting the AO and
the Eurasian atmospheric circulation, propagating the AO signal from the North Atlantic
eastward to Europe and East Asia, inducing local atmospheric circulation anomalies and
further affecting the summer precipitation in these regions. The differences in the wave ac-
tivity flux related to the summer AO between the two sub-periods may lead to interdecadal
variations in the relationship between AO and summer precipitation in East Asia.
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5. Summary and Discussion

This study investigated the relationship between the summer AO and East Asian
rainfall in two sub-periods. The results indicate that the summer AO activity center in
the lower atmosphere of the North Atlantic strengthened and moved eastward after the
mid-1980s. With the interdecadal changes in the spatial pattern of the summer AO over
the North Atlantic, the influence of AO on East Asian summer rainfall also exhibited
different patterns before and after the mid-1980s. Before the mid-1980s, the key regions in
which precipitation was affected by AO in East Asia were northern East Asia (NEA) and
Northeastern China and adjacent regions (NECA). After the mid-1980s, the key regions in
which precipitation was affected by AO in East Asia were central Inner Mongolia (CIMA)
and Southern China (SC). Among these four key regions, AO has a negative correlation
with rainfall in NEA, while AO has a positive correlation with rainfall in the NECA, CIMA,
and SC regions. Further research reveals that, based on GPCC data, the contributions of
the summer AO to rainy (drought) events in NEA, NECA, CIMA, and SC are 44% (38%),
20% (43%), 43% (33%), and 29% (50%), respectively. The results based on the PSL rainfall
data are basically consistent with the GPCC data.

The interdecadal variation in the relationship between the summer AO and East Asian
rainfall can be attributed to the eastward shift of the atmospheric low-level activity center
of the summer AO in the North Atlantic. The changes in the spatial pattern of AO in the
Atlantic have led to changes in the response pattern of the geopotential heights at mid
to high latitudes in Eurasia. In East Asia, before the mid-1980s, there was a significant
correlation between AO and rainfall in northern East Asia, and this significant correlation
area was distributed in an east–west zonal band. The correlation between AO and the
850 hPa geopotential height in China was weak during 1948–1984. After the mid-1980s,
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the influence of AO on the geopotential height in northern East Asia weakened, and the
impact of AO on the geopotential height in China increased.

The spatial patterns of precipitation are closely related to the moisture conditions.
Water vapor transport in East Asia also underwent interdecadal changes before and after the
mid-1980s. Taking positive AO years for example, before the mid-1980s, NEA and NECA
were, respectively, controlled by divergent and convergent water vapor flux, resulting in
drought and rainy events, respectively. However, after the mid-1980s, the divergence center
in NEA disappeared, while the convergence center in NECA moved northward by about
10◦. Therefore, the negative precipitation anomalies in NEA disappeared and the positive
precipitation anomalies in NECA moved northwestward during 1985–2021. Meanwhile,
a moisture divergence center emerged over the Korean Peninsula, with a substantial
amount of easterly water vapor continuously transported to the eastern areas of China and
divided into two paths. Water vapor in one path influenced CIMA, leading to positive
precipitation anomalies there, while water vapor in the other transported southward,
providing abundant summer rainfall in SC. The situations for negative AO years are the
opposite. The vertically integrated water vapor flux from the surface to 300 hPa and the
divergence of vertically integrated water vapor flux also support these findings.

The differences in atmospheric circulation and water vapor transport can be traced
back to the North Atlantic. Such changes in the summertime AO pattern can alter the wave
activity flux over the Eurasian continent. The zonal wave train associated with AO can
serve as a bridge to transport the distinct impacts of the summer AO eastward to East Asia.
The Rossby wave train in the subtropics resembles the CGT or SRP pattern and propagates
eastward. Before the mid-1980s, wave activity related to the summer AO propagating
eastward at high latitudes to northern East Asia was stronger than that in the subtropical
path. After the mid-1980s, the high-latitude wave train disappeared, while the wave train
in the subtropical path changed and propagated eastward from the North Atlantic through
the Middle East to China, significantly affecting the summer precipitation in China.

Although the AO is primarily generated by internal atmospheric dynamics [90], it
may also be influenced by the lower-level sea surface temperature [12,91,92]. Some studies
document that the reduction of Arctic sea ice can have distant impacts on the Eurasian
climate by stimulating the propagation of Rossby waves [93–95]. Furthermore, global
warming has led to frequent extreme precipitation events worldwide [96,97], and inter-
decadal changes in AO also occur under the background of global warming [98]. Thus, the
impact of global warming on the interdecadal changes in AO, how Arctic sea ice affects
extreme precipitation in East Asia, and the combined effects of AO and other factors on
precipitation in East Asia are worth further exploration.
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