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Understanding the spatiotemporal variation of autumn precipitation and its relationship
with the large-scale circulation is important for planning industrial and agricultural
production, economic development, and ecological protection. This study investigated
the relationship between the August Asian—Pacific Oscillation (APO) and September
precipitation over Southeast China (SC) during the period 1961-2020. Results showed
that the August APO can exert considerable control on September precipitation over SC
and that a significant positive correlation exists between them. With a strong (weak) August
APOQO, the anomalous southerly (northerly) winds are observed in the north (south) of SC at
the upper level, and the deep trough over East Asia and ridge over North Pacific at 500hPa
are both reinforced (weakened). This leads to anomalous northward (southward) lower-
tropospheric winds over the East Asian coast, accompanied by enhanced convergence
(divergence) of warm and cold air masses and anomalous ascent (descent) motion which
results in more (less) precipitation over SC. The underlying mechanism can be explained as
thermal anomalies induced by the APO that can persist from August to September, which
modulates the atmospheric circulation anomalies in September and eventually causes
more (less) precipitation over SC. Therefore, in addition to the role of sea surface
temperature forcing on precipitation variations, our analyses suggest that the
preceding temperature anomalies at the middle and upper troposphere also should be
considered as an important precursory factor for the following precipitation over SC.

Keywords: Asian-Pacific oscillation, tropospheric temperature, precursory signal, Southeast China, precipitation

INTRODUCTION

In China, September is considered the period in which the atmospheric circulation of summer
gradually transitions into that of winter, and it is usually a period of abundant precipitation,
accounting for more than 50% of the total autumn precipitation over China (Yang and Chen, 2021).
Previous studies revealed that anomalies in autumn precipitation have substantial impacts on
agricultural production, economic development, and the daily life of the population (Niu and Li,
2008; Barriopedro et al., 2012; Qiang Zhang et al., 2013; Li et al., 2015; Zhang et al., 2016), particularly
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Climatic impact of APO
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FIGURE 1 | (A) Climatology ("C) of the August mean T over the Asian-Pacific region and (B) longitude-pressure section of August 7' (‘C) along 30°N during
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in Southeast China (SC), which is recognized as the most
developed region in the country. Revealing the underlying
physical mechanisms of autumn precipitation, especially those
affecting the variability of September precipitation over SC, could
help improve seasonal climate prediction and water resource
management.

Previous studies showed that autumn precipitation in China is
highly variable and controlled by low-latitude atmospheric
circulations, for instance, the El Nifio-Southern Oscillation
(ENSO) (Wenjun Zhang et al, 2013; Wenjun Zhang et al,
2014), western Pacific subtropical high (Niu and Li, 2008), and
Indian sea surface temperature (SST) (Niu and Li, 2008; Xiao
etal,, 2015). Some studies also suggested that climatic factors over
mid-high latitudes such as the North Atlantic Oscillation (Xu
et al., 2013), Silk Road pattern (Hu et al., 2020; Liu and Zhou,
2021), and southern hemispheric sea ice (Zhou et al., 2021) could
directly influence autumn precipitation by modulating the Asian
monsoon circulation. Although these earlier studies revealed that
multiple factors could better explain the mechanism of autumn
precipitation anomalies over SC to a certain extent, the
underlying mechanism responsible for such variability remains
unclear because the influencing factors are complex and vary on a
wide range of temporal and spatial scales. Thus, for a more precise
and deeper understanding of the causes of the September
precipitation variability over SC, it is necessary to investigate
other potential controlling factors.

The Asian-Pacific Oscillation (APO), characterized by a
dipole mode of summer tropospheric eddy temperatures over
the Asian-North Pacific region, was proposed by Zhao et al.
(2007). During summer, when the mid-upper troposphere is
warmer over Asia, the troposphere above the North Pacific will
be colder, and vice versa. The APO can exert substantial impacts
on regional-global climatic change via the monsoon
circulations and precipitation (Zhao et al., 2007, 2012a; Zhou
et al., 2009; Zhou and Zhao, 2010; Liu et al., 2011; Zou et al.,
2015; Hua et al,, 2019; Lin et al., 2019, 2021), tropical cyclone
activity (Zhou et al., 2008; Zou and Zhao, 2010), and variations
in SST (Zhao et al., 2010, 2011, 2012b; Zhou et al., 2010).
Furthermore, the APO occurs throughout the year, not just in
the summertime (Zhou and Zhao, 2010; Lin et al., 2019). In light
of the findings of previous related studies, it has been suggested
that the APO could be regarded as a crucial contributor to
engendering climate change on regional-global scales. However,
in comparison with studies investigating the connection
between the APO and East Asian summer monsoon
precipitation, less emphasis has been placed on the influence
of the preceding summer APO on autumn precipitation over
SC. Although a previous study has investigated the impact of
summer APO on autumn precipitation over central-eastern
China (Lin et al., 2021), the effect of summer APO on variations
of precipitation in different autumn months is still unclear.
Additionally, as the previous study has also shown (Zhao et al,,
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Stippled regions indicate statistical significance above the 95% confidence level.

FIGURE 2 | Correlation coefficients of the September precipitation anomalies over China and the (A) summer mean, (B) June, (C) July, and (D) August APOI.
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FIGURE 3 | Correlation coefficients between the APOI and September
precipitation anomalies over China after the removal of the ENSO signal
(stippled regions indicate statistical significance above the 95% confidence
level).

2011), the APO is correlated to ENSO variability, but it does not
mean that the APO teleconnection pattern is mainly forced by
the Pacific SST anomaly. Hence, the objectives of the current
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FIGURE 4 | Time series of the normalized SCPI (blue line) and APOI (red
line).

study were to elucidate the probable mechanisms by which the
precursory APO affects September precipitation in SC without
considering the ENSO.

The remaining part of this study is composed of three main
components. The Data and Methods section describes the data
and methodology. Detailed information is presented in the Result
section about the linkages between the preceding August APO
and both September SC precipitation and correlative atmospheric
circulation anomalies. Finally, the Conclusions and Discussion
section concludes with a discussion and the derived findings.
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FIGURE 5 | Regressed (A) SLP (unit: hPa; contours) and 850 hPa wind (unit: m s™'; vectors), (B) 500 hPa geopotential height (unit: m; contours), (C) 200 hPa
meridional wind (unit: m s™'; contours), and (D) latitude—pressure section of 110°~118°E mean vertical circulation (unit: meridional wind ms™", vertical velocity
-0.01 Pas™"; vectors) against the SCPI, (E-H) same as (A-D) but for the APOI (dark (light) shadows represent the 95% (90%) confidence level).

DATA AND METHODS The monthly reanalysis data utilized in this study were from
the National Centers for Environmental Prediction/National
Data Center for Atmospheric Research with a resolution of 2.5 x 2.5

Monthly precipitation data with a horizontal resolution 0of 0.25°x  (Kalnay et al., 1996), and variables employed to analyze the
0.25 * were extracted from the CN05.1 data set provided by the  atmospheric  circulation  characteristics  include  air
National Climate Center of China (Wu and Gao, 2013). temperature, geopotential height, zonal and meridional
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FIGURE 6 | (A) Climatology of September vertically integrated moisture transport for
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wind component, vertical velocity, sea level pressure (SLP),
and specific humidity.

Provided by the Climate Prediction Center (https://psl.noaa.
gov/data/climateindices/list/), the September Nifio3.4 Index
(SNI) was introduced to characterize the external impacts
of ENSO.

Note that the period of analysis in this study was 1961-2020.

Methods

Eddy temperatures over the Asian-Pacific region during August
were analyzed using an empirical orthogonal function (EOF)
approach (Lorenz, 1956). To assess the relationships of the
September SC precipitation with the August APO and
atmospheric circulations, regression and correlation analyses
were adopted. The two-tailed Student’s f-test was engaged to
determine statistical significance.

The developing autumn ENSO signal has a significant impact
on simultaneous precipitation over South China (Zhang et al.,
1999; Yuan and Wang, 2019). To eliminate the effect of ENSO, we
applied conditional maximum covariance analysis (An, 2003) to
isolate the August APO influences on September SC precipitation

from ENSO based on the following equation:
& = E-SNI x cov (&, SNI) /var (SNI) (1)

in which cov denotes the temporal covariance between the
original geophysical variable time series & and SNI, var

denotes the variance of SNI, and ¢ indicates the geophysical
variable time series uncorrelated to the SNI.

In our study, linear trends in the data were removed before
analysis using linear regression analysis to examine the
interannual variations. All variables and indices involved in
correlation and regression were completely uncorrelated with
the ENSO signal using the method of conditional maximum
covariance analysis described above.

Definition of the August APO

Referring to the previous work (Zhao et al., 2007), we calculated
the August upper-tropospheric eddy temperature T  for the
Asian-Pacific region during 1961-2020 with an EOF analysis
conducted over the domain 0°-60°N and 0°E-60°W. Here, T  is
defined as T =T - T, in which T represents the vertically
averaged (500-200 hPa) air temperature and T is the zonal
mean T. The first EOF mode of the upper-tropospheric T'
accounts for 20.2% of the total explained variance (not
shown), representing a quasi-hemispheric-scale dipole pattern
of upper-tropospheric eddy temperature, with positive (negative)
values over Eurasia (midlatitudes of the central-eastern North
Pacific). A similar pattern can be seen in the climatology map of
the upper-tropospheric T (Figure 1A), showing that positive/
negative values of T are also located in the Asian-Pacific region.
Figure 1B  depicts the climatological August T’
longitude-pressure section along 30°N latitude. It also displays
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FIGURE 7 | Correlation between the mean September 500-200 hPa 7" and (A) the APOI and (B) the SCPI for 1961-2020 (shading indicates areas significant at the

a distinct APO pattern on the vertical component, with positive
(negative) T” anomalies centered over Asia (central-eastern
North Pacific), indicating an out-of-phase link between the
two regions.

According to Zhao et al. (2007), the arithmetic difference
between the regional and vertical mean August T” over (15°-45°N,
50°-120°E, 500-200 hPa) and (15°-45°N, 170°E-120°W,
500-200 hPa) is defined as the August APO index (APOI) in
this study, that is, APOL = T" 50_120°E,15-45'N — I 170°E-120°W, 15-45"N-

RESULTS

August APO and September Precipitation

Over Southeast China
Since the summer APO has a significant impact on simultaneous
precipitation over China (Zhao et al., 2007), there is an important
need to investigate whether September precipitation over China is
associated with the preceding APO signals in the summer
months. As depicted in Figures 2A-D, the August APO
shows the largest and most significant correlation with the
September precipitation anomalies over SC; therefore, we
focus on exploring the impact of the August APO on
September SC precipitation in the following analysis.

The relationship between the August APOI (hereafter referred
to as APOI) and precipitation anomalies over China in September
after the removal of the ENSO signal is shown in Figure 3. It can

be seen that when the ENSO signal is taken into account
(Figure 2D), a significant positive correlation exists over SC
(the central value exceeds 0.49), suggesting that more (less)
September SC precipitation is probable in association with a
stronger (weaker) August APO. Positive correlations are observed
over SC, consistent with Figure 2D, but the region with
significant positive correlation is slightly smaller (Figure 3). A
comparison of Figure 2D with Figure 3 reveals that the
significant positive correlation between the August APO and
September SC precipitation is not significantly affected by ENSO.
Regardless of whether the ENSO signal is removed, a significant
positive correlation exists in the relationship between the August
APO and September SC precipitation. Therefore, the main focus
of the subsequent analysis is on the reasons for the relationship
between August APO and September SC precipitation after the
removal of the ENSO signal.

We further defined the Southeast China September
precipitation index (SCPI) by averaging September SC
precipitation from 24N to 29°N and from 110°E to 118°E to
investigate the impact of the August APO on September SC
precipitation. The normalized SCPI and the APOI, displayed in
Figure 4, show that the fluctuation of SCPI is significantly linked
to the August APO with the correlation coefficient reaching 0.45,
significant at the 99% confidence level, indicating their significant
in-phase relationship.

We also defined extreme precipitation in September over SC
with precipitation anomalies exceeding one standard deviation to
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FIGURE 8 | Regressed September 850 hPa (A) H’ (unit: m; contours) and (B) wind field (unit: m s™'; vectors) onto the APOI for 1961-2020. Dark (light) shadows
represent the 95% (90%) confidence level. Anomalous cyclones and anticyclones are marked with blue "C” and red "A,"” respectively.

examine the connection between September SC precipitation and
the August APO. It can be seen in Figure 4 that there are 19 years
with extremely precipitation throughout the analysis period, and
the same sign rate between the SCPI and the APOI reached
approximately 74% (it was 63% for the remaining 41 normal
years), implying that the August APO might act as a potential
predictor for both normal and extreme precipitation in
September over SC.

Atmospheric Circulation Anomalies Linked
to the August APO and September SC

Precipitation

To further verify the relationship between the SCPI and the
APOI, the August APO-induced atmospheric circulation
anomalies were investigated. Figure 5 presents regressed SLP,
850 hPa wind field, 500 hPa geopotential height, 200 hPa
meridional wind, and latitude-pressure section of the vertical
circulation averaged along 110°-118°E against the SCPI and the

APOIL. It is evident from Figure 5A that negative SLP is located
over Asia, while significant positive SLP is centered over the East
China Sea and its adjacent region and the North Pacific. This
spatial distribution will conduce to significantly anomalous
lower-tropospheric southerlies over the East Asia coast. The
regression pattern of geopotential height against the SCPI
(Figure 5B) shows that significant negative (positive)
geopotential height anomalies exist over the midlatitudes of
Asia (the North Pacific), indicating that the strengthened
(weakened) East Asian trough and North Pacific high are the
likely causes of the observed increase (decrease) in September
precipitation over SC. Furthermore, as shown in Figure 5C, the
upper-level atmospheric circulation associated with increased
September SC precipitation is characterized by significant
anomalous southerlies (northerlies) over Northeast China
(South China). This helps to enhance the divergence in the
upper level over SC, thereby inducing a stronger trough over
SC, and is conducive to anomalous upward motion. Moreover,
the regressed vertical circulation (averaged along 110°-118°E)
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against the SCPI (Figure 5D) also shows anomalous southerlies
with warm and humid air moving from lower latitudes toward
SC, facilitating ascent and moisture convergence and thereby
increasing precipitation over SC. It is important to note that the
regressed patterns derived from the APOI (Figures 5E-H) are
very similar to the patterns presented in Figures 5A-D,
demonstrating that the August APO could be regarded as a
crucial modulating factor of September SC precipitation
through modification of the atmospheric circulation over the
Asian-Pacific region.

Precipitation variation over the region is attributable mainly to
strong moisture convergence and divergence associated with
atmospheric  circulation  changes. Diagnosis of the
climatological = September vertically integrated moisture
transport (Figure 6A) illustrates two chief channels of
moisture flow toward SC: one originates from the Arabian Sea
and the other from the Western Pacific. The regressed pattern of
the SCPI onto moisture transport, shown in Figure 6B, reveals an
anticyclonic circulation centered near the East China Sea and the
western Pacific, which favors moisture transport toward SC.

Moreover, the movement of moisture from the Arabian Sea
toward SC is also reinforced. The alterations in water vapor
transportation associated with the APO are illustrated in
Figure 6C, in which the water vapor flux is regressed against
the APOL It can be seen that a strong August APO induces
anomalous anticyclonic circulation over the western Pacific,
which is close to the climatological distribution, thereby
enhancing the transport of moisture from the western Pacific
toward SC. Moreover, owing to the strengthening of the
westerlies, the transport of moist air from the Arabian Sea
increases the moisture flux toward SC. Consequently, the
August APO could be expected to increase September SC
precipitation by increasing the regional moisture availability.

Possible Mechanisms Linking the August
APO to September SC Precipitation

The analyses above indicate that the preceding August APO could
be regarded as an important indicator of September SC
precipitation through later effects on the atmospheric
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circulation. This raises questions regarding the underlying
atmospheric circulation variations behind the linkage between
August APO and September SC precipitation. To tackle this issue,
we analyzed the 500-200 hPa T” for September related to the
APOI and SCPI (Figure 7). As shown in Figure 7A, the
correlation between the APOI and mean September
500-200 hPa T” shows a significant positive correlation over
Tibetan Plateau (TP), while a significant negative correlation
appears over the midlatitude Pacific, forming an obvious APO-
like pattern. This finding implies that upper-tropospheric thermal
anomalies over the Asian—Pacific region, as characterized by the
APO, can be maintained from August to September and then
induce the atmospheric circulation anomalies that lead to
corresponding  precipitation anomalies in the following
September. As displayed in Figure 7B, the upper-tropospheric
eddy temperature associated with the SCPI demonstrates a
similar seesaw vibration between Asia and the North Pacific,
implying the preceding upper-tropospheric thermal contrast over
the Asian-Pacific region might modulate the following
September SC precipitation.

To address the atmospheric circulation changes behind the
August APO-September SC precipitation relationship, we further
calculated the regressed eddy geopotential height (FH’, which is
defined as the geopotential height deviation from its zonal mean)
and wind at 850hPa onto the APOI (Figure 8). One can see from
the figure that when the August APO is stronger (weaker) than
normal, the tropospheric temperature over Asia (North Pacific)
tended to be higher (lower), and significant negative (positive) H’
anomalies appear mainly over Asia (North Pacific) domain in the
lower tropospheric level. This relationship between air
temperature and geopotential height conforms to the static
equilibrium relationship. According to the static equilibrium
equation, the warm (cold) air column is associated with
expansion (contraction), which results in a significant increase
(reduction) in geopotential height at its top and decreasing
(increasing) at its bottom. Consequently, the anomalous
August APO results in anomalies of circulation, which
strengthen the Asian low and North Pacific subtropical high at
lower levels. Consistent with the significant changes of lower
tropospheric geopotential height induced by the August APO, the
850hPa horizontal winds exhibit large variations with anomalous
cyclonic circulation dominating over Asia, while pronounced
anomalous anticyclonic circulations appear over the western
and eastern regions of the North Pacific. Therefore, anomalous
southerly winds are reinforced over the SC, which strengthens the
moist transport to this region and favors enhanced precipitation.

To investigate the August APO-related atmospheric anomalies
further, the regressed velocity potential and divergent winds at
lower atmosphere (850 hPa) and vertical velocity against the
APOI in September are displayed in Figure 9. From
Figure 9A, it can be seen that the strengthened convergence
wind with significant positive velocity potential over SC can
strengthen ascending motion, leading to an increase in
precipitation correspondingly. The same conclusions can be
drawn as in vertical velocity that significant negative
anomalies cover most areas of SC (Figure 9B), indicating a
pronounced ascent motion over this region. This means the

Climatic impact of APO

strengthened August APO caused the large ascent velocity and
convection enhancement and consequently increases the
precipitation in this area.

CONCLUSIONS AND DISCUSSION

Using observations and reanalysis, this study investigated the
linkage between the preceding August APO and following
September SC precipitation during 1961-2020, and the
underlying physical mechanisms were explored.

The correlation coefficient between the August APO and
September SC precipitation was statistically significant, with a
value of 0.45 that passed the 99% confidence level, indicating their
pronounced in-phase relationship. Further analyses revealed that
atmospheric circulation anomalies in September associated with
the August APO are conducive to increasing September SC
precipitation.

The intrinsic mechanism that gave rise to the linkage between the
August APO and September SC precipitation was further
investigated. The anomalous T” signal of the August APO in the
mid- and upper-tropospheric level, which can persist until
September, can affect the atmospheric circulation anomalies in
September. Additionally, the anomalous variability of August
APO may alter geopotential height at the lower level, leading to
anomalous wind field and inducing drastic changes in precipitation
pattern over SC. In the positive (negative) phase of August APO,
negative (positive) geopotential height anomalies in the lower level
were observed over Asia (the North Pacific), and the Asian low (the
North Pacific subtropical high) was reinforced as well which
significantly ~ increased anomalous cyclonic  (anticyclonic)
circulation over Asia (North Pacific). Such a circulation pattern
leads to anomalous southerlies and ascending motions prevailing
over SC, which alters water vapor transport and ultimately creates
favorable conditions for precipitation over SC.

This study analyzed the linkage between the August APO and
September SC precipitation and proposed an underlying candidate
mechanism, suggesting that, in addition to SST forcing, the
temperature anomalies at the middle and upper troposphere may
be regarded as a considerable precursory predictor. However, we
mainly focus on the linkage between the APO and precipitation on
the interannual time scale. Many studies reported that the
interdecadal variations in precipitation over China are affected by
multiple factors like atmospheric teleconnections and SST forcing
(Huang et al,, 2013; Ling Zhang et al., 2014; Yuan and Wang, 2019).
Since the APO exhibits pronounced interannual and interdecadal
variations (Zhao et al, 2007), a question arises: whether the
interdecadal variation in the preceding or simultaneous APO can
have an impact on the interdecadal autumn precipitation variation
over China? In addition, the mechanism that governs the interaction
between the APO and the East Asian climate is complex, and certain
issues remain unclear. For instance, previous studies have revealed
that the snow cover over the TP can have profound impacts on the
simultaneous and subsequent precipitation over China (Liu et al,
2014; Zhang et al, 2021), and the APO was also found closely
associated with the thermal condition of TP (Liu et al., 2017), so it is
natural to question whether the TP snow can significantly influence

Frontiers in Earth Science | www.frontiersin.org

May 2022 | Volume 10 | Article 917445


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Xia et al.

the APO and further alter autumn precipitation over China? This is a
topic that will require further discussion in the future.
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