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The possible influence of the Atlantic multidecadal oscillation (AMO) and the Pacific decadal
oscillation (PDO) on the meteorological conditions associated with haze over central eastern
China at decadal time scale was investigated using reanalysis and observational dataset for
1979-2018. Four indices, including Siberian high (SH) strength and position indices (SHI/SHPI),
anormalized near-surface wind-speed index (WSI) and a potential air temperature gradient index
(ATGIl), are adopted to denote the meteorological conditions associated with haze. Results
shown that the AMO and PDO are both highly correlated with the fluctuation of meteorological
factors associated with haze on decadal scale. Although AMO and PDO were in opposite
phases during the whole period, since 1997, they both changed phases (AMO shifted to a
positive phase and PDO changed to negative) and became favorable for an anomalous dipole-
type SLP pattern in the middle-high latitudes of East Asia. The AMO has played a leading role in
decadal variation of the large-scale circulation system, while the PDO has had a closer
relationship with the lower ventilation condition in eastern China. On the decadal time scale,
the AMO stimulates a zonal teleconnection wave train (the AMO northern Hemisphere pattern,
ANH) that originates from the North Atlantic Ocean and passes through central Europe, the
northern Ural Mountains, Lake Balkhash-Baikal, and central eastern China. During the positive
phase of AMO, the ANH induces a stronger and westward shifted SH, with the central eastern
China controlled by the anomalous high pressure. In addition, affected by the cyclone
(anticyclone) anomaly over Hetao region and North China (the Sea of Japan), southerly wind
anomalies dominate over central eastern China. Compared with the AMO, the wave train
generated by the negative (positive) PDO phase mainly propagates in the Pacific region, and
there is a strong anticyclonic (cyclonic) anomaly over the Northeast Pacific, guiding the air flow
southward (nhorthward) along the East Asian coast and thus suppressing (encouraging) the
dispersion of pollutants and resulting in above (below)-normal haze episodes.
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INTRODUCTION

In past few decades, the occurrence of air pollution in winter has
increased significantly with the explosive growth of China’s
economy. The air pollution represented by haze has become
one of the most important environmental problems, seriously
threatening human health, traffic safety, and the regional and
global climate. Therefore, air pollution has received an increasing
attention by the scientific community (Zhang et al., 2012; Huang
et al., 2014; Mu and Zhang, 2014).

This increasing trend in winter haze outbreaks (Gao, 2008; Ding
and Liu, 2014) is largely due to the increasing pollutant emissions
and pollution sources associated with enhanced industrialization and
urbanization, but meteorological conditions also play an important
role in the variability of pollution events (Zhang et al., 2014; Zheng
et al,, 2015). Previous studies have identified that meteorological
conditions such as large-scale circulation and other meteorological
factors can contribute to transportation, deposition, and diffusion,
and these conditions are partly responsible for the occurrence of
extreme pollution events (Niu et al, 2010; Chen and Wang, 2015;
Yang et al.,, 2021). The East Asian winter monsoon (EAWM), as the
most prominent feature of the large-scale circulation system in
winter, is created by the sea level pressure (SLP) difference
between the Siberian High (SH) and the Aleutian Low, which
leads to strong northwesterly winds along the East Asian coast
(Chang and Lu, 2012). The stronger the EAWM is, the fewer winter
haze days occur (Li et al,, 2016). Therefore, the intensity of the SH
directly affects the strength of the EAWM on an interannual scale
(Wu and Wang, 2002). The Siberian High index (SHI) is widely used
in literature to represent the SH strength (Jeong et al, 2011;
Hasanean et al.,, 2013); however, Jia et al. (2015) found that the
intensity-based conventional SHI had essentially no ability to predict
aerosol optical depth variability over North China. Further analysis
of a persistent and severe haze outbreak in eastern China in January
2013 demonstrated that the SHI could not fully describe the impact
of SH variation in winter; the aforementioned haze episode was
associated with an anomalous eastward extension of the SH. On this
basis, they proposed a new indicator, the SH position index (SHPI),
depicting the mean longitudinal position of the SH and reflecting the
large-scale wind fields that control pollutant transportation and
transformation in China.

In the lower atmosphere, meteorological factors lead to either
the maintenance or dispersion of haze particles. The ambient
relative humidity affects the formation of secondary aerosols
and their hygroscopic growth, and it is abnormally high during
the haze periods (Sun et al., 2013; Huang et al., 2014). The average
height of the planetary boundary layer over the North China Plain
is about 50% lower during haze episodes than that on non-haze-
episode days (Huang et al, 2014). In addition, temperature
stratification and wind speed are important ventilation
conditions that affect air pollutants. When there is an inversion
layer near the ground, the capacity of vertical exchange is
weakened, and the static atmospheric stratification weakens the
exchange and diffusion of pollutants (Ji et al., 2012). The surface
winter northerlies and northwesterlies in the mid-troposphere are
much reduced or even reversed during severe haze episodes (Wang
et al,, 2014), and the increasing trend of haze days over eastern
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China is highly correlated with the weakening of surface wind
speed (Song et al., 2014; Zhang et al,, 2014).

In addition to synoptic-scale analysis of haze cases (Wang et al,,
2021), previous studies have focused on the reasons for haze
occurrence from climatological perspectives. Circulation changes
induced by global greenhouse gas emissions result in increasingly
stable weather, wherein the frequency and persistence of
meteorological factors are consequently conducive to severe haze
events in North China (Cai et al., 2017). In the meantime, Arctic sea
ice loss under global warming affects the circulation mode and even
the ventilation conditions over eastern China, thus leading to more
frequent haze episodes (Wang et al., 2015; Wang and Chen, 2016;
Zou et al.,, 2017; Zou et al., 2020). Considering the climate system is
characterized by significant decadal variations, the East Asian
summer monsoon (EASM) has shown decadal weakening since
the late 1970s, associated with the transition to the summer
precipitation pattern (Wang, 2001; Zhou et al, 2009). This
decadal variation has been shown to impact regulation of the
interannual variation of air pollution over China (Lu et al,, 2010;
Zhu et al., 2012). Moreover, both decadal and interannual variations
in winter haze exhibit a significant in-phase relationship with the sea
surface temperature (SST) anomalies over the North Atlantic from
summer to the following winter (Xiao et al,, 2015). The Mongolia
High tied to the PDO tends to modulate the haze days in winter over
central eastern China (Zhao et al., 2016).

A number of studies about haze pollution in China have focused
mainly on the long-term trends and interannual variations (Ding
and Liu, 2014; Song et al,, 2014; Li et al., 2016), but the decadal-scale
fluctuations in meteorological conditions and their connections with
ocean signals have not been documented extensively. The decadal
variation of climate systems (especially in SST) is highly predictable;
much of the Pacific region has a decadal predictability of about
20 years (Meehl et al., 2010), and there is relatively more predictive
capacity for the North Atlantic, western Pacific, and Indian Oceans,
among which the North Atlantic is associated with the highest
predictive capacity (Meehl et al., 2014).

Therefore, we aimed to elucidate the characteristics of the
meteorological conditions linked to haze at a decadal time scale
and their possible relationships to ocean forecast signals such as
the AMO and PDO. In conjunction with multidecadal
international predictions of SST, these results will be beneficial
to haze pollution prediction and relevant to government policy
making in the coming decades.

DATASET AND METHODS

Data

Several monthly reanalysis datasets used for the study period of
1979-2019. SST data were from the Met Office Hadley Centre
(HadISST) with a horizontal resolution of 1.0 x 1.0° (Rayner et al.,
2003). The atmospheric variables, including wind, temperature,
geopotential height, and sea level pressure (SLP), were from the
National Centers of Environmental Prediction-National Center for
Atmospheric Research (NCEP-NCAR) reanalysis 2 dataset with a
resolution of 2.5 x 2.5° (Kanamitsu et al., 2002). In considering
wintertime cover from December to January, the winter study period
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FIGURE 1| The winter (A) AMO index and (B) PDO index (black dash line) from 1979 to 2018. The filing curve is the 5-year running averaged values (red and blue
shading).

from 1979 to 2018 was employed. The same period was considered
for climatology.

Indices

Referring to (Trenperth and Shea, 2006), the AMO index is
defined as the winter SST anomalies averaged over the North
Atlantic north of the equator (0°-60°N, 0°-80°W), where the
SST northern limit is set at 60°N to avoid problems with sea
ice changes but with the global mean SST (60°S-60°N)
removed. To concentrate on the influence of the winter
AMO at a decadal time scale, the annual winter AMO
index was given by smoothing a 5-year running mean
relative to 1979 to 2018 (FigurelA). The monthly PDO
index is defined as the time series of the leading EOF of
mean SST anomalies for the Pacific Ocean to the north of
20°N (Bond et al., 2003). As with the AMO index, the raw
index was first annually averaged over winter periods and
then smoothed as a 5-year running mean (FigurelB).

Previous studies demonstrated that the SH, surface wind
speed and inversion layer are correlated with historical haze
observations. As expected, we adopted four indices to further
investigate the association of meteorological conditions to
ocean signals.

The SH has a significant influence on winter climate in
Northern Eurasia, East Asia, and even the whole Northern
Hemisphere. It can be described comprehensively by the SHI
and SHPI (Jia et al., 2015). The conventional SHI is defined
as the mean SLP over northern Mongolia between 40°-65°N
and 80°-120°E, and is used to characterize the variation of SH
intensity. The SHPI is the weighted mean of the longitudes of
all the grids within the 1,023 hPa isobar over the broad
region of 30°-65°N and 60°-145°E, as shown in the
following Eq. 1:

SHPI =) (P;x L)/ ) P; (1)
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FIGURE 2 | Regression of (A,D) SLP (units: Pa-K™), (B,E) wind speed at 1000 hPa (units: m-s~'-K™"), (C,F) potential temperature between 925 hPa and 1000 hPa
on the AMO index [left, (A=C)] and the PDO index [right, (D-F)] in winter from 1979 to 2018. The crosses indicate values exceeding the 95% confidence level. The
outlined area is central and East China.

Where p, is the SLP at any eligible grid i within the 1,023 hPa Besides the large-scale circulation condition, the ventilation of
isobar and the definition domain, and L; is the longitude of the  air pollutants can be either horizontal or vertical. To quantify the
corresponding grid i. pollutant diffusion condition, a normalized near-surface wind-
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speed index (WSI) for horizontal and a potential air temperature
gradient index (ATGI) for vertical ventilation over the eastern of
East Asia (20°-65°N, 100°~130°E) were computed (Zou et al,
2017). The WSI is defined as the winter wind-speed anomalies at
1,000 hPa derived from the wind-speed standard deviation via the
following Eq. 2:

wsI! = (WS -wsi,,.) /WS, )

where WSI{ is the normalized WSI for the jth grid over the
eastern part of East Asia in the ith year, WSI/is the annual winter
mean wind speed, WSIjseanis the winter climatological wind
speed averaged from 1979 to 2018, and WSI’,, is the standard
deviation of wind speed.

Gridded atmospheric temperature gradient anomalies were
normalized in the same manner based on the winter potential air
temperature gradient between the fields at 925 hPa and 1,000 hPa
using the following Eq. 3.

ATGI] = (ATG] - ATG),,,) | ATG.,, 3)

The WSI and ATGI limited the spatial domain over the
outlined area (20°-65°N, 100°-130°E) shown in Figure 2,
because we focused on East Asia and China particularly.

METHODS

The relationship between the AMO/PDO and haze-related
meteorological conditions are firstly examined in The
Relationship Between AMO/PDO and Meteorological Factors.
Then possible mechanisms how the AMO/PDO influences the
haze-related meteorological conditions are explored using linear
regression method. The wave activity flux for stationary Rossby
waves embedded in a zonally asymmetric climatological-mean
flow was diagnosed, which represents the directions of
propagation of the wave energy (Takaya and Nakamura, 1997).

The Relationship Between AMO/PDO and

Meteorological Factors
Quantitative analysis had illustrated that the low-frequency
modes in the Pacific and Atlantic SST, known as the PDO and
AMO, are notable ocean interdecadal signals. The phase changes
in these two signals are accompanied not only by interdecadal
variations in climatic states over the world, but also by modulated
interannual ocean signals such as El Nifio and the Southern
Oscillation (ENSO) (Dong and Xue, 2016; Zeng et al., 2021).
However, to our knowledge, it is still unclear whether these
oceanic modes impact meteorological conditions at the
decadal time scale, and which one plays a predetermined role.
As shown in Figure 1A, the winter AMO index displayed a
remarkable decadal variation from 1979 to 2018. It was in a
negative phase before 1997, but turned to a positive phase from
1997 to 2018. The Atlantic SST in winter was generally warm
during one recent period (1998-2018). Compared with the AMO
index, the PDO shows relatively weak decadal variation
(Figure 1B). A phase transition also occurred around 1997. It
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was in a positive phase during the 1979-1997 period with a
transitional negative period from 1987 to 1993, and in mainly a
negative phase after 1997 but with positive phase fluctuation.
Overall, the PDO index fluctuated out of phase with the AMO
over the whole study period, but there have been different phase
coordination modes between the AMO and PDO in different
periods at the decadal time scale, so it was necessary to further
analyze the function and the dominant status of each ocean
signal.

To explore the relationship between the ocean decadal signals
(the AMO and PDO) and meteorological factors on a decadal
scale, Figure 2 shows the regression patterns of winter-mean SLP,
wind speed, and potential air temperature gradient with respect to
the AMO and PDO. Following a warm phase of the AMO, SLP
was characterized by a significant positive value over Midwest
Siberia north of Lake Balkhash-Baikal and a negative value over
most of East Asia, especially central eastern China, suggesting an
in-phase relationship between SLP and the AMO in the northern
area of East Asia but an out-of-phase relationship in the southern
area (Figure 2A). The wind speed featured distinct negative
values over the Lake Baikal north of 50°N, but positive values
in central China, flanked by negative values over the eastern areas
(Figure 2B). Moreover, the potential air temperature gradient is a
good proxy to represent near-surface (around 900 hPa) thermal
stability, a positive value indicates a more stable atmosphere with
weakened vertical convection, which hinders the vertical
dispersion of pollutants. The potential air temperature
gradient showed two positive value pattern regions related to
AMO; one was consistent with the wind-speed field (north of
50°N), and the other was located from central eastern China to
Japan, indicating that the positive phase of AMO favors a
relatively stable atmosphere and weak convection (Figure 2C).

Figures 2D-F shows the properties of the above factors along
with their effects on the PDO. Corresponding to the positive
phase of PDO, SLP featured negative values over the north of
Lake Balkhash-Baikal, accompanied by positive values south of
50°N, indicating that the positive phase of the PDO favors a
weakened SH in winter. However, the areas in Siberia that passed
the significance level were smaller than those related to the AMO
(Figure 2A). Central eastern China is still a crucial region with
positive SLP anomalies (Figure 2D). The wind speed was
strengthened over the area north of 50°N, especially north of
Lake Balkhash-Baikal; the wind-speed anomalies were weakened
over central China, but strengthened over the eastern coast of
China (Figure 2E). In addition, it was observed that the PDO was
out of phase with the potential air temperature gradient over the
north of Lake Balkhash-Baikal and central eastern China to
Japan, indicating that a positive PDO favors unsteady
atmospheric stratification and strong convective activity
(Figure 2F), and vice versa.

Compared with the correlation patterns between the AMO
and meteorological factors (Figures 2A-C), the spatial pattern
affected by PDO was generally opposite to that of the AMO
(Figures 2D-F), but it seems that SLP over Siberia was more
closely aligned with the AMO than PDO. Furthermore, due to the
opposite phases of the AMO and PDO on the decadal scale during
the 1979-2018 period, they have had the same effect on these
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FIGURE 3 | The winter normalized (A) SHI, (B) SHP!I, (C) WS, (D) ATGI index (black dash line) from 1979 to 2018. The filling curve is the 5-year running averaged
values (red and blue shading).

factors in recent years: since 1997, the AMO (positive phase) and
the PDO (negative phase) have been both favorable for
abnormally enhanced high pressure over Siberia and low
pressure south of 40°N. The north of Lake Balkhash-Baikal has
been a crucial area with weakened wind speeds at 1,000 hPa,
which seems to support a strong SH and enhance the prevailing
northwesterly winds. However the wind-speed anomalies over
the central and the eastern coastal parts of China have been prone
to opposing patterns over the same period; the stratification has
been relatively stable and the convective activity has been
weakened, which is not conducive to the diffusion of pollutants.

To further investigate the impacts of the AMO and PDO
on the decadal variability of meteorological conditions in the
East Asian region, the aforementioned factors reflecting
pollutant diffusion conditions were extracted as crucial
indices. Figure 3 shows the interannual and decadal
variations of each index, namely, the winter SHI, SHPI,
WSI, and ATGI, from 1979 to 2018. The SHI was in a
negative phase with weak intensity during the 1986-2003
period, and then shifted to a positive phase with strong
intensity after 2003 (Figure 3A). Consistent with the phase
transition time of the SHI, SHPI showed a change from a
positive to a negative phase around 2003, suggesting that the
SH was eastward in the early period but westward in the
recent period (Figure 3B). The main characteristic of the WSI
was a negative phase, but with a transitional positive phase
before 1987, suggesting that the wind-speed anomalies in
eastern East Asia have been weakened since the end of 1980s
(Figure 3C). The phase transition time in ATGI was around

TABLE 1| Correlation coefficients between AMO and each meteorological index.

SHI SHPI wsi ATGI
O-year running averaged 0.24 -0.32 0.11 0.24
5-year running averaged 0.48* -0.50* -0.38 0.80*

**Passing the 95% confidence level.

1997; correspondingly, the lower atmospheric state changed
from unstable to stable (Figure 3D). In general, the WSI
showed a phase transition earlier than other indices; SHI,
SHPI, and ATGI shifted around 2000; and the conversion in
ATGI was more in line with the AMO and PDO than the
other indices (Figure 1), indicating that with warm anomalies
in the Atlantic and La-Nifia-like spatial patterns in the
Pacific, this meteorological factor is more related to the
AMO and PDO on the decadal scale. It should be noted
that the number of winter haze days observed over central
eastern China has shown an increasing trend since the late
1990s (Xiao et al., 2015; Zhao et al., 2016), which corresponds
to our results in this study.

On the interannual time scale, the correlation coefficients
between the winter AMO and SHI, SHPI, WSI, and ATGI
were 0.24, —0.32, 0.11, and 0.24, respectively; all of them
failed to pass significance level, suggesting that the AMO has
no obvious effect on the SH, low-level wind speed, and
thermal stability (reflected by potential air temperature
gradient) on an interannual scale (Table 1). However, the
impact of the AMO was stronger on a decadal scale; the AMO
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TABLE 2 | Correlation coefficients between PDO and each meteorological index.

SHI SHPI wsl ATGI
O-year running averaged -0.11 0.08 -0.02 -0.29
5-year running averaged -0.10 -0.08 0.56™ -0.62**

*Passing the 95% confidence level.

showed an in-phase trend consistent with SHI and an out-of-
phase trend with SHPI, with high correlation coefficients of
0.48 and —0.5, respectively, indicating that the positive AMO
phase is not only conducive to strengthening of the SH, but
also beneficial to its westward position, which is consistent
with the conclusion displayed in Figure 2A, and vice versa.
In addition, the correlation coefficient between the AMO
and ATGI was as high as 0.8, and the positive phase of AMO
tends to stabilize atmospheric stratification in the eastern
part of East Asia, reflected by an in-phase pattern in
Figure 2C.

Similarly to the relationships between the AMO and the
studied meteorological condition indices (Table 1), the PDO
also had no effect on these indices at the interannual scale

Decadal Variation of Haze Weather

(Table 2). However, the correlation coefficient of the PDO
with WSI increased from —0.02 to 0.56, and that of the PDO
with ATGI rose to —0.62 at the decadal time scale (both
passed the 95% significance level). In other words, the
positive phase of PDO is conducive to positive wind-speed
anomalies at 1,000 hPa and enhanced instability of the low-
level atmosphere in eastern China, and vice versa. This
conclusion is also displayed in Figures 2E,F. Moreover, it
should be noted that the PDO had almost no connection with
SH; there was no significant relationship between them at
either the interannual or the decadal time scale.

POSSIBLE MECHANISMS
The Potential Influence of the AMO and PDO

In order to gain better insight into the potential influence of the
AMO on winter meteorological conditions at the decadal time
scale, the response of large-scale circulation in the boreal winter
to the AMO was analyzed. As shown in Figure 4A, the 500 hPa
geopotential height pattern in the Eurasia related to the AMO
features in positive and negative intervals from west to east,
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FIGURE 4 | (A) Regression of the winter 500 hPa geopotential height (shading, units: gpm~K“) on the AMO index from 1979 to 2018. The stippled indicate values
exceeding the 95% confidence level. (B) As in (A), but for 500 hPa streamfunction (contour, units: 106 m?s~"-K™", intervals are 2, from —11 to 11) and the
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suggesting that a distinct zonal wave train propagating from the
North Atlantic can be stimulated by the AMO, which could be
referred to as the AMO Northern Hemisphere (ANH)
teleconnection pattern (Si and Ding, 2016; Si et al,, 2020). A
series of action centers with wavenumbers of approximately five
were formed by the ANH teleconnection pattern over the North
Atlantic, Central Europe, Northern Ural Mountains, Lake

Balkhash-Baikal, and central eastern China, respectively
(Figure 4A). Anomalies in the stream-function field according
to the ANH teleconnection pattern were also observed. A positive
stream-function is consistent with a positive center of action, and
vice versa (Figure 4B). Furthermore, to explore the wave energy
propagation associated with the ANH, the wave activity flux was
also calculated. There were two distinct wave flux divergence
regions located over the middle and high latitudes and the
tropical regions of North Atlantic, indicating that those areas
are wave sources (Figure 4B). Therefore, the wave energy
induced by the AMO propagated in two branches in the
North Atlantic: one branch originated in the tropics, but
without obvious eastward propagation outside the tropics; the
other propagated eastward from the northwestern North Atlantic
to Asia, matching the pathway of the ANH teleconnection shown
in Figure 4A. It should be noted that this ANH teleconnection is
not a global-scale wave train; this wave energy mainly propagates
eastward through the Eurasian continent to the area of Lake
Balkhash-Baikal and then dissipates. Part of the energy could
continue to spread to central eastern China. Corresponding to the
positive phase of the AMO, a meridional dipole-type pattern was
located over East Asia, with an anomalous low-pressure system
over Lake Balkhash-Baikal but an anomalous high-pressure
system over the mid-latitude area of East Asia. This pattern of
geopotential height anomalies indicates that the AMO can
modulate meridional dipole-type patterns via the ANH
teleconnection on a decadal scale. Therefore, this pattern is
not conducive to the southward movement of cold air and
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inhibits the development of convection, providing favorable
conditions for the accumulation of pollutants in central
eastern China. This observation is consistent with the
conclusion of Zhang et al. (2014).

Figure 5A shows the winter 500 hPa geopotential height
anomaly patterns for the PDO at the decadal time scale. The
most significant circulation anomalies corresponding to the
positive phase of the PDO were located over the Pacific
Ocean, characterized by meridional tripole-type patterns, with
negative anomalies in the middle latitudes over the Pacific and
positive anomalies in the high and low latitudes. For example, the
positive phase of the PDO favors the occurrence of anomalous
low-pressure areas in the middle latitudes of the central Pacific.
However, there was no obvious wave train formed in Eurasia and
North America related to the PDO. The geopotential height
anomalies from west to east presented an inverse-phase
distribution pattern with the positive AMO (Figure 4A); the
negative geopotential height anomalies covered the North
Atlantic, northern Ural Mountains, and central eastern China,
while positive anomalies existed in Central Europe and Lake
Balkhash-Baikal. In accordance with the anomalous geopotential
height field in the middle latitudes over the Pacific, the wave
activity flux linked to the PDO mainly originated from the
subtropical Pacific, propagating northeastward from low
latitudes to middle and high latitudes but limited to the
Pacific region (Figure 5B), in contrast to the AMO with its
semiglobal scale wave train (Figures 4A,B). Consequently, the
effect related to the PDO was also concentrated in the Pacific
region, different with the AMO; the influence caused by the latter
has a wider and more prominent effect.

As seen in Figure 6, the positive phase of the AMO favored the
occurrence of three cyclonic anomalies and an anticyclonic
anomaly in Asia. The cyclonic anomalies were located in the
west of Lake Baikal, the north of Japan, and the Hetao region and
North China, respectively, while the anticyclonic anomaly was
located in the Sea of Japan. The easterly wind anomaly north of
60°N as a result of the two cyclonic anomalies over the mid-high
latitudes invaded the cold air down to East Asia. Central eastern
China was affected by both the Hetao region and North China
cyclonic anomaly and the Sea of Japan anticyclonic anomaly, and
the region was controlled by southerly wind. This anticyclonic
anomaly is similar to the results of other study (Chen et al., 2018).
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FIGURE 8 | The winter ANH index (black dash line) from 1979 to 2018.
The filling curve is the 5-year running averaged values (red and blue shading).

The insufficient northward intrusion of cold air created adverse
conditions for the diffusion of pollutants in central eastern China.

Compared with the AMO effect on wind at 850 hPa, the effect of
the PDO was relatively clear. In the positive phase of the PDO, an
anticyclonic anomaly was observed over Lake Balkhash-Baikal.
With the influence of this anticyclone, the cold air in the middle
and high latitudes moved southward along the peripheral
northwest airflow and turned into a north wind anomaly along
the coast of East Asia. Guided by the strong cyclonic anomaly over
the northeast Pacific, the southward downdraft flowed eastward
into the subtropical region over the northeast Pacific. At this time,
the whole central eastern China area was controlled by
northerlies (Figure 7), supporting the diffusion of pollutants.
At present, the PDO is in a negative phase on the decadal scale;
thus, there is strong anticyclonic anomaly over the northeast
Pacific and the influence of southerlies is the main factor over
central eastern China. Additionally, the positive AMO phase
hinders the eastward position of the SH, which weakens the
southward movement of cold air from high latitudes to central
eastern China. The ability to remove pollutants is consequently
greatly impaired.

The Relationship Between the ANH and
Meteorological Conditions

On the decadal time scale, the AMO excites a zonal wave train
originating in the North Atlantic and propagating eastward to
Siberia and even central eastern China; this is called ANH
(Figure 4A). This teleconnection wave train produces five
main circulation anomaly centers. To better depict the ANH
teleconnection, defining an index by standardized anomalous
geopotential height differences linked to the AMO between the
three positive centers (solid rectangle shown in Figure 4A) and
two negative centers (dashed rectangle shown in Figure 4A), the
details are as follows Eq. 4:

1
ANH == (Z'yn + Z'ur + Z'cg) - > (Z'ce+Z'ss)  (4)

W =

where Z,\, , Zy;g» and Z; are over the North Atlantic (55°-75'N,
60°-30°W), northern Ural Mountains (60°-80°N, 40°-80°E), and
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TABLE 3| Correlation coefficients between ANHI and each meteorological index.

ANHI SHI SHPI WsI ATGI
O-year running averaged 0.28 -0.18 -0.20 0.44*
5-year running averaged 0.68* -0.563"* 0.1 0.50*

*Passing the 95% confidence level.

central eastern China (25°-40°N, 110°-125°E), respectively, and
Zcp and Zpy are over Central Europe (32°-48°N, -5°-20°E) and
Lake Balkhash-Baikal (45°-65°N, 85°~115°E), respectively.

As shown in Figure 8, the ANH index exhibited remarkable
decadal variability from 1979 to 2018, with two phases generally.
Before 2000, the ANHI experienced a negative phase
characterized by weak intensity, but it shifted to positive phase
after around 2000. Over the whole period, the ANH pattern
fluctuated in phase with the AMO index (Figure 1A). Notably,
the ANHI entered a relatively longer transition period during the
1997-2003 period, while the ocean signal was faster in transition
(Figure 1); thus, the ANHI lagged slightly behind the AMO for
about two years.

To quantify the relationships between the ANHI, SHI, SHPI,
WSI, and ATGI, the correlations of these five indices were
calculated. On the interannual time scale, the correlation
coefficients of the ANHI with the SHI, SHPI, WSI and ATGI
were 0.28, -0.18, —0.20, and 0.44, respectively. With the exception
of ATGI, the indices did not pass the significance level, indicating
that the ANH has no relationship with these factors in central
eastern China, but is in phase with thermal stability (Table 3). On
the decadal time scale, the effect of the ANH was strengthened,
similarly to the AMO and PDO (Table 1 and Table 2). The
correlation coefficients of the ANHI with SHI and SHPI increased
from 0.28 to 0.68 and from -0.18 to —0.53, respectively,
suggesting that the ANH teleconnection wave train formed by
the AMO affected the intensity and the position of SH at the same
time. When the ANHI was in positive phase, the SH intensity was
strong, but the location was to the west. Although it had the
advantage of an abnormally strong cold air source, the cold air
southward route was shifted westward, and its impact in cleaning
pollutants was consequently weaker in central eastern China than
in Northwest China consequently. Moreover, due to the westward
SH and the anomalous high-pressure system over central eastern
China, the low-level atmosphere tended to be more stable and
hinder the spread of pollutants. This may further explain the
significant positive correlation (0.50) between the ANHI and
ATGL During the negative phase of the ANH, although the
intensity of the SH was weaker, its position was eastward, and the
cold air going south was rapid and direct. These circulation
conditions provide more favorable requirements for the
diffusion of pollutants in central eastern China.

CONCLUSIONS AND DISCUSSION

Conclusions
The aim of this study was to explore the relationship between two
main decadal ocean signals (PDO and AMO) and the

Decadal Variation of Haze Weather

meteorological conditions associated with China’s winter
pollution occurrence at the decadal time scale. Using
observation and reanalysis datasets, we first analyzed the
relationships of the SLP, wind speed, and low-level potential
air temperature gradient in eastern East Asia with the AMO and
PDO during the winters in the 1979-2018 period. By selecting the
intensity and position index of SH as the main objects of a large-
scale circulation system and investigating the horizontal and
vertical pollution diffusion conditions from the aspects of low-
level wind speed and atmospheric stability, the decadal-scale
relationships between the above meteorological factors and the
AMO and PDO in East Asia were clarified. On this basis, by
analyzing the teleconnection wave train and wave energy
propagation excited by the AMO and PDO respectively, we
further explored the possible impact of ocean signals on these
meteorological factors in winter and their differences.

It was found that the winter AMO and PDO are closely related
to the SLP, wind speed near surface, and potential air temperature
gradient on the decadal scale. Due to the simultaneous phase
transitions of the AMO and PDO around 1997 (the AMO turned
from a negative phase to positive phase; the PDO was the
opposite), the ocean signals were both favorable for a dipole
SLP pattern in the middle and high latitudes of East Asia as a
whole. In addition, the central eastern China is the crucial area
with opposite wind-speed anomalies, and the low-level
atmosphere is characterized by static atmospheric stability and
weak convective activity.

Further analysis showed that the AMO has played a leading
role in decadal variation of the large-scale circulation system in
winter compared with the PDO, affecting not only the intensity of
SH, but also its position. The positive phase of AMO was
conducive to the stronger but westward shifted SH, indicating
that, although the cold air source is sufficient, the movement of
cold air southward to central eastern China is weakened, and vice
versa. The PDO had a significant relationship with the low-level
meteorological diffusion factors in central eastern China, being
positively correlated with WSI and negatively related to ATGI.
That is, the negative phase of PDO tended to appear in
conjunction with weak wind-speed anomalies and static
atmospheric stability in central eastern China. The former
condition means a weakened advection effect and the latter
supports inactive vertical convection, both of which contribute
to the maintenance of haze weather.

On the decadal time scale, it was found that the influence of the
AMO was via excitation of a zonal teleconnection wave train
(ANH) extending from the North Atlantic Ocean at 500 hPa and
passing through central Europe, the northern Ural Mountains,
and Lake Balkhash-Baikal, and finally reaching central eastern
China. After arriving in Siberia, the energy of the wave train was
obviously dissipating. Corresponding to the positive phase of the
AMO, a meridional dipole-type pattern located over East Asian,
with an anomalous low of the 500 hPa geopotential height over
the Siberia suggesting that the SH tended to be stronger but
shifted west in association with the ANH teleconnection pattern,
while the central eastern China area was controlled by high-
pressure anomalies, indicating that this area is not easily invaded
by cold air moving southward from the high latitudes. In
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addition, this dipole-type pattern dynamically corresponded to a
cyclone-anticyclone-like wave train in the lower troposphere
extending from Lake Balkhash-Baikal to central eastern China.
The characteristics of wind-speed anomalies at 850 hPa in East
Asia are relatively complex (which may be one reason for the
weak relationship between the AMO and WSI). The positive
AMO phase was prone to the occurrence of cyclonic anomalies
over Lake Balkhash-Baikal, northern Japan, and Hetao region and
North China, preventing the cold air moving southward to some
extent. Meanwhile, affected by both the cyclonic anomaly over
Hetao region and North China, and the anticyclonic anomaly
over the Sea of Japan, the southerlies over central eastern China
were also unfavorable for the diffusion of pollutants. However, it
is worth noting that the wave train generated by the PDO mainly
propagated in the Pacific region, so it had little influence on
continental circulation systems such as SH. During the period of
positive (negative) phase in the PDO, a strong cyclonic
(anticyclonic) anomaly appeared in the low level over the
northeast Pacific, guiding the air flow northward (southward)
along the East Asian coast, and thus affecting the pollution
diffusion conditions in central eastern China.

Altogether, our results suggest that the increasing haze
episodes linked to the joint effect of the AMO and PDO, the
AMO mainly changes the characteristics of the large-scale
circulation systems, especially SH, by activating an ANH
teleconnection wave train in winter at the decadal time scale,
while the PDO is important for ventilation conditions in the
lower troposphere, affecting the wind anomalies along the East
Asian coast through an anomalous anticyclone (cyclone) located
over the northeast Pacific. In recent years, although the AMO and
PDO have been in opposite phases, both of them have suppressed
the diffusion of pollutants in eastern East Asia, and especially in
central eastern China.

DISCUSSION

In this study, rather than directly analyzing the haze days, we
focused on the haze-related meteorological conditions using four
indices. Considering the haze days are closely correlated to
meteorological conditions, the variability of the haze-related
meteorological conditions can to some extent indicate the
variability of the haze days. In addition, the decadal ocean
signals including the AMO and PDO are focused, although
there are other important signals that can influence the haze
days in East China, such as ENSO. However ENSO is mainly in
interannual timescale. In our future work, ENSO may be
combined with the AMO and PDO to be used to explore the
multi-scale variability and predictability of the haze episodes
from interannual to decadal time scales.

Diagnostic analysis with reanalysis datasets are the main
methods adopted in this study. With respect to model
simulations, there are several previous studies investigated the
haze-related issues using model experiments. For instance, Han
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etal. (2017) explored the historical simulation in the 20th century
along with projection in the 21st century of haze pollution
potential based on the dynamic downscaling by the regional
climate model RegCM4. Zhang et al. (2020) examined the trend
reversal of winter haze pollution in North China before and after
2010 and using numerical experiments to confirm the physical
roles of climate drivers. Zou et al. (2020) investigated the role of
the Arctic sea ice decline on the winter air stagnation and haze
extremes in China using the Whole Atmosphere Community
Climate Model (WACCM) along with multiple state-of-the-art
climate models. With respect to the topic in this study, it deserves
further research to explore the simulation of the observational
evidence revealed in this study in multiple climate models. Based
on reasonable reproduction of the haze-related meteorological
conditions and their relationship with decadal ocean signals
(PDO/AMO), it can be used to predict the meteorological
conditions for haze in the near future using numerical
experiments output from the Decadal Climate Prediction
Project (DCPP) in the Coupled Model Intercomparison
Project Phase 6 (CMIP6, Eying et al., 2016).
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