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1 | INTRODUCTION
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Abstract

Observational analyses suggest that natural or internal climate variability plays
a crucial role in modulating wintertime haze days in Beijing (WHDgj) on
decadal timescales, which may overwhelm the effect of human emissions to
some extent. This study links the variations in WHDg; to the mega-El Nifio-
Southern Oscillation (ENSO), a newly defined ENSO-related pattern with a
vaster range of variability, on decadal timescales. The mega-ENSO delineates
an apparent out-of-phase relationship with WHDg;, which could be used to
explain past and recent decreases in WHDg;y in 1961-1971 and 1997-2012, as
well as the increase in WHDg; in 1972-1996. The positive phase of the mega-
ENSO can induce a high dynamical scavenging efficiency of pollutants over
the Beijing area through notable in situ low-level northerly wind anomalies
that are associated with a quasi-barotropic anticyclonic anomaly centered
around Lake Baikal, thus reducing the frequency of haze days on decadal time-
scales, and vice versa for the negative phase. The mega-ENSO can influence
interdecadal predictions of the long-term occurrence of haze events over Bei-
jing. Therefore, it will be focused upon in future routine operations.
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cardiovascular and respiratory diseases (Liu et al., 2019).
Accordingly, the central government has attached great

Beijing is the capital of China, possessing a political and
economic status of the first magnitude in the country.
Beijing city is a haze-prone region (e.g., Cai et al., 2017;
Pei et al., 2018). Haze episodes are generally accompa-
nied by fine particulate air pollution (e.g., Ding
et al., 2009; Zhang, 2017; An et al., 2019), which can sig-
nificantly influence the number of deaths induced by

importance to haze pollution over Beijing and its adjoin-
ing areas, implementing efficacious actions [e.g., the
“Ten Statements of Atmosphere” (The State Council of
the People's Republic of China, 2013) and the “Three-
Year Action Plan for Winning the Blue Sky Defense Bat-
tle” (The State Council of the People's Republic of
China, 2018)] to alleviate in situ hazy conditions.
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Because the haze frequency over Beijing and other
subregions in central and eastern China (CEC) is highest
in the boreal winter (e.g., Mao et al., 2019), the majority
of previous studies focused on in situ haze variations in
winter. There is a general consensus of opinion on the
haze variabilities: winter haze frequency can be signifi-
cantly modulated by both external anthropogenic emis-
sions (e.g., Yang et al., 2016; Pei et al., 2020) and internal
climate anomalies such as atmospheric circulation and El
Nifio-Southern  Oscillation (ENSO) (e.g., Zhang
et al., 2014; Wang and Chen, 2016; Ding et al., 2017; Wu
et al., 2017; Cheng et al., 2019; Mao et al., 2019; Chang
et al., 2020; Wang et al., 2020a, 2020b). It is especially
noteworthy that, compared to studies on the interannual
variability of winter haze frequency over CEC, studies
examining interdecadal timescales are much fewer. The
majority of these studies concentrated on the Yangtze
River Delta region and the larger domain of CEC, identi-
fying the important roles of interdecadal atmospheric cir-
culation anomalies (Xu et al., 2017) and sea surface
temperature (SST) anomalies (SSTAs) such as Pacific
Decadal Oscillation (PDO) and Atlantic Multidecadal
Oscillation (AMO) (Xiao et al., 2015; Zhao et al., 2016). It
is noteworthy that the wintertime haze days in Beijing
(WHDg;) also exhibit salient interdecadal variations
(Wang et al., 2020b). Nevertheless, it is still not well
understood whether the natural interdecadal variability
or the anthropogenic influence plays a more vital role in
regulating the interdecadal variations of WHDg;.

In this manuscript, we examine if the newly proposed
ENSO-related paradigm (viz., mega-ENSO; Wang
et al., 2013) can play a more significant role in modulat-
ing WHDg; on interdecadal timescales. Mega-ENSO is
defined as the SST difference between the western Pacific
(WP) K-shape region and the eastern Pacific
(EP) triangle-shape region, which is related to but dis-
tinct from the traditional ENSO on interannual time-
scales; and while on decadal timescales, mega-ENSO
mainly reflects the wvariability of PDO/Interdecadal
Pacific Oscillation (IPO) (Wang et al., 2013; Sun
et al., 2020). Although the notion of mega-ENSO was
originally proposed to investigate summer monsoon vari-
ability in the northern hemisphere (Wang et al., 2013),
wintertime mega-ENSO can also exert profound impacts
on concurrent large-scale climate anomalies by stimulat-
ing teleconnections (Wu and Zhang, 2015; Zhang
et al., 2017, 2019a, 2019b). Furthermore, mega-ENSO fea-
tures a broader range of spatiotemporal variability than
ENSO, PDO, and IPO alone (Wang et al., 2013) and the
prominent zonal SST gradient between the WP region
and the EP region (Zhan et al., 2017) on multitimescales.
The above features may not be reflected by other SST
modes in the Pacific Ocean such as PDO and IPO

(Newman et al., 2016; Zhang et al., 2018; Huang
et al., 2019), although they have a resembled spatial pat-
tern as mega-ENSO (Wang et al., 2013). Consequently,
we selected mega-ENSO instead of PDO/IPO in this
study. This work may help the Chinese government for-
mulate long-term anthropogenic emissions planning to
address the wintertime hazy conditions over Beijing area.

2 | DATA AND METHODS
The datasets used in this study comprise (a) ground-
timing observation datasets four times per day at 02:00,
08:00, 14:00, and 20:00 (Beijing local time) for 1961-2019,
from the National Meteorological Information Center of
China (http://data.cma.cn/); (b) monthly planetary
boundary layer height (PBLH) for 1979-2019 from the
European Centre for Medium-Range Weather Forecasts
Interim Reanalysis (ERA-Interim) (Dee et al., 2011);
(c) monthly atmospheric data for 1961-2019 from the
National Centers for Environmental Prediction (NCEP)-
National Center for Atmospheric Research (NCAR)
Reanalysis I (NCEP/NCAR) (Kalnay et al., 1996);
(d) monthly Extended Reconstructed SST dataset version
5 (ERSST v5) for 1961-2019 from the National Oceanic
and Atmospheric Administration (NOAA) (Huang
et al., 2017); and (e) annual total energy consumption in
the Jing-Jin-Ji region for 1986-2016 from the National
Bureau of Statistics of China (http://www.stats.gov.cn/).
In this study, we selected the national reference cli-
matological station (station name: Beijing; station num-
ber: 54511) to study the interdecadal haze changes in
Beijing, which is fairly representative of the entire Bei-
jing area over longer observation periods (Zheng
et al., 2019). The definition of a haze day is consistent
with those of the previous studies (Chen and
Wang, 2015; Wang et al., 2018, 2019). To be specific, a
haze day in Beijing is deemed to have occurred when
the corresponding surface observations of relative
humidity, visibility and wind speed satisfy the following
criteria once among the four times per day: visibility
lower than 10 km (7.66 km since the year 2013; Pei
et al., 2018), relative humidity lower than 90%, and the
surface wind speed lower than 7 m-s'. Further, recent
studies (e.g., Li et al., 2020) noted that an abrupt
decrease in relative humidity could be detected around
the early 2000s, when an automatic observation system
was implemented in China. However, the automatic
observations of relative humidity over the regions north
of the Yangtze River in winter were relatively less
affected (e.g., Wang et al., 2007), so they could not exert
tangible impact on the consistency of time series data
on haze days before and after the early 2000s.
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In addition, we employed ERSST v5 data to construct
the monthly mega-ENSO index, which is defined by
using the mean WP K-shape SST minus the mean EP
triangle-shape SST (Figure 2a), and the SSTA patterns
regressed against the summer and winter mega-ENSO
index in this study (not shown) agree with those of previ-
ous studies (Wang et al., 2013; Wu and Zhang, 2015).
Note that the positive phase of mega-ENSO is character-
ized by SST warming in the WP K-shape region together
with SST cooling in the EP triangle-shape region and vice
versa, and mega-ENSO accounts for approximately 18.0%
of the total variance of SSTA in the Pacific (Wang
et al., 2013).

Throughout this manuscript, we focus on the boreal
winter (December—February; DJF). To remove the possi-
ble influences of the long-term trends in variables, all
data were linearly detrended before analyses. We
deployed a low-pass filter using the 11-year running
mean to extract the interdecadal component with a
10-year cutoff period for the filtered variables. The two-
tailed Student's ¢ test was used to evaluate the statistical
significance. The wave activity flux (WAF; Takaya and
Nakamura, 2001) was used to indicate the tendency of
Rossby wave energy propagation.

Similar to the approach of Zhan et al. (2017), we uti-
lized an atmospheric general circulation model (AGCM),
the fifth generation Max Planck Institute model in Ham-
burg (ECHAMS5) (Roeckner et al., 2003), to confirm our
proposed mechanisms. The resolution of the model is
T42 and 19 vertical levels. Two numerical experiments, a
control run and a sensitivity run, were performed. The
control experiment was integrated for 30 years with a

30 | 111

prescribed climatological monthly mean SST, and the last
20 year means during DJF were analyzed. In the sensitiv-
ity experiment concerning mega-ENSO, the model was
performed in a similar manner but forced by the imposed
climatological SST plus SSTAs in the Pacific between
40°S and 40°N, as shown in Figure 2a. Thus, the differ-
ences between the sensitivity experiment and the control
experiment can determine the impacts of mega-ENSO.

3 | RESULTS

Figure 1 illustrates the time series of the anomalous
original WHDg; as well as the detrended WHDg; and
its corresponding 1l-year running average during
1961-2018. The detrended WHDg; can explain 95.9% of
the total variance of the original WHDg;. Moreover, the
time series of WHDg;j clearly exhibits interdecadal fluctu-
ations (bars). Three abrupt interdecadal changes in the
evolution of WHDgy can be detected, specifically around
the early 1970s (shift from negative to positive values),
after the mid-1990s (shift from positive to negative) and
after the early-2010s (shift from negative to positive). As
such, the entire period can be primarily divided into four
epochs: pre-P1 (1961-1971), P1 (1972-1996), P2
(1997-2012), and post-P2 (2013-2018). It is noteworthy
that although there is a sharp increase in the total energy
consumption in and around Beijing during P2 compared
to that during P1 (Figure 3), WHDg; is lower than normal
in P2 whereas there is more haze occurrence in P1. Con-
sequently, it is plausible to speculate that the internal
interdecadal climate variability should play a more
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FIGURE 1 Time series of the anomalies in raw WHDg; (dashed curve, days) as well as detrended WHDg; (solid curve, days) and its

corresponding 11-year running average (bars, days) during 1961-2018. Vertical lines delineate transition periods for the running average.
“pre-P1”, “P1”, “P2”, and “post-P2” denote the subperiods of 1961-1971, 1972-1996, 1997-2012, and 2013-2018, respectively
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critical role in modulating the interdecadal WHDpg;
variability.

As shown in Figure 2a, the DJF composite difference
map of SST between P1 and P2 delineates, overall, a con-
spicuous zonal dipolar pattern with SST warming
(cooling) in the K-shape (triangle-shape) region with
obvious trade wind anomalies, which is similar to the
positive phase of the mega-ENSO pattern (or mega-La
Nifa) (Zhang et al., 2019b, their Figure 3a). We further
examined the Pacific SSTA patterns by showing the

(a) SST & UV850 anomaly (P2 minus P1)

differences between pre-P1 and P1 as well as between P2
and post-P2 (Figure S1). Similar and stable Pacific SSTA
patterns could clearly be found, which implies that the
Pacific SST may play an important role in the modulation
of the interdecadal variability of winter haze occurrence
frequency in Beijing, although there was a lower level of
total energy consumption in pre-P1. Consequently, it is
proposed that the recent diminution in haze occurrence
in P2 could be well interpreted from the transition of
mega-ENSO from the negative to the positive phase. The
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FIGURE 2 (a) DIF composite differences of SST (shaded, °C) and 850-hPa winds (vectors, m-s™) during the period between P1

(1972-1996) and P2 (1997-2012) (P2 minus P1) after removing the linear trend. The stippled areas indicate values of SSTAs exceeding the
90% confidence level. (b) Time series of the normalized 11-year low-pass-filtered anomalous WHDg; (blue curve) and the concurrent mega-
ENSO index (red curve) from 1966 to 2013 after removing the linear trend. The red lines in panel (a) show the western Pacific K-shape and
the eastern Pacific triangle-shape regions, which are deployed in defining the mega-ENSO index according to Wang et al. (2013)
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Energy consumption in Jing-Jin-Ji region (1986-2016)
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FIGURE 3 Time series of the total energy consumption (green bars, 10° TCE) in the Jing-Jin-Ji region during 1986-2016.

red vertical line indicates the year 1997

aforementioned mega-ENSO-WHDg; relationship on
decadal timescales can be clearly observed in Figure 2b.
Fluctuations in the normalized WHDg; appear to be out
of phase with those in the concurrent mega-ENSO index.

A question arises here pertaining to how mega-ENSO
influences the WHDg; on decadal timescales. Before
addressing this, the anomalies of boundary layer parame-
ters tied to the winter haze variability in Beijing should
be revisited. A higher WHDg; is associated with signifi-
cantly warmer and moister surface conditions
(Figure S2a,b) as well as the stable atmospheric stratifica-
tion at lower levels (Figure S2f), in conjunction with
decreased surface wind, sea-level pressure (SLP), PBLH,
and surface southerly wind anomalies deduced from the
spatial distribution of SLP anomalies (Figure S2c-e),
which is in line with previous studies (Yin et al., 2017;
Wang et al., 2020a). In fact, these anomalous boundary
conditions are indicative of conducive environmental cir-
cumstances, favoring the transportation and accumula-
tion of in situ aerosols and water vapor over Beijing and
its surroundings. As such, the positive localized feedback
loop effect between aerosols and meteorology can be trig-
gered (Li et al., 2017; An et al., 2019), which may boost
the in situ haze frequency.

Next, we present some explanations regarding the
possible impacts of mega-ENSO. Figure 4 shows the DJF
composite differences of geopotential height and wind
between P1 and P2 (P2 minus P1). Corresponding to the
mega-La Nifia, there is a quasi-barotropic 500-hPa
(Figure 4a) and 850-hPa (Figure 4b) anticyclonic anomaly
centered around Lake Baikal, indicating a southward
shift of Mongolian High (Figure 5d) with noticeable low-
level northeasterly/northerly wind anomalies controlling

2000

2005 2010 2015

Year

The

the Beijing area, which is somewhat similar to the clima-
tological conditions (Figure S3). Under the influence of
this anticyclonic anomaly, the atmosphere can effectively
diffuse the amassed near-surface pollutants and water
vapor over Beijing via the intensified surface northerly
winds around Beijing along the eastern flank of Mongo-
lian High (Figure 5c,d), suggesting the dampened local-
ized air stagnation. Accordingly, the low-level air around
Beijing is significantly unstable (Figure 5f), which can
generally increase the PBLH around Beijing although
some weak negative PBLH anomalies exist (Figure 5e).
Because the consistent anticyclonic anomaly lies more
southward (Figures 4 and 5d), it may hinder intrusion of
high latitude cold air with quite dry and pristine condi-
tions into North China. As such, the associated northerly
wind anomalies cannot sufficiently decrease the tempera-
ture and relative humidity over Beijing, which may cause
weak in situ surface temperature and moisture anomalies
(Figure 5a,b). It should be pointed out that such positive
temperature anomalies may signify a weak response of
the East Asian winter monsoon to the mega-ENSO
(Zhang et al., 2019b). Under the above environmental cir-
cumstances, despite the fact that localized positive tem-
perature and relative humidity anomalies can facilitate
the formation of secondary aerosols (Jacob and
Winner, 2009; Ding and Liu, 2014; Tie et al., 2017), the
stronger-than-normal dynamical dispersion of pollutants
associated with the in situ marked northerlies during the
positive phase of mega-ENSO could play a decisive role
in the lower WHDg; on decadal timescales. Furthermore,
because pre-P1 corresponds to the positive phase of
mega-ENSO (Figures 1 and 2b), we can infer that the
mega-La Nifia may also contribute to a decreased WHDgy
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(a) DJF Z500_UV500 anomaly (P2 minus P1) 0.5m/s (b) DJF Z850_UV850 anomaly (P2 minus P1) 0.5m/s
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FIGURE 4 DIJF composite differences of geopotential height (contours, gpm) and wind (vectors, m-s~') during the period between P1
(1972-1996) and P2 (1997-2012) (P2 minus P1) after removing the linear trend at (a) 500 hPa and (b) 850 hPa. Values of geopotential height
anomalies that are significant at the 90% confidence level are shaded. The pentagram delineates the location of Beijing, and the gray shaded
area denotes the Tibetan plateau. The letter a represents the center of anomalous anticyclonic circulation
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FIGURE 5 (a) DJF composite differences of surface relative humidity (shaded, %), (b) surface air temperature (shaded, °C), (c) surface
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the 90% confidence level are stippled. The pentagram delineates the location of Beijing
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during pre-P1 considering the connected meteorological
anomalies (Figure S4). Similarly, the negative phase of
mega-ENSO (i.e., mega-El Nifio) (Zhang et al., 2019a)
could be responsible for the enhancement of WHDg; dur-
ing P1.

4 | CONCLUSIONS AND
DISCUSSION

The climate variability of natural or internal nature on
decadal timescales could play a more considerable role in
modulating winter haze variability over Beijing compared
to anthropogenic emissions, which is consistent with the
findings of previous studies (e.g., Pei et al., 2020). Our
observational analyses suggest that, on interdecadal time-
scales, there is a noticeable out-of-phase relationship
between WHDg; and DJF mega-ENSO, which may be
responsible for the decrease in WHDgy in recent and
prior subperiods P2 (1997-2012) and pre-P1 (1961-1971),
as well as the increase in WHDyg; in subperiod P1
(1972-1996). The quasi-barotropic anticyclonic anomaly
centered around Lake Baikal, which is associated with
the mega-La Nifia (the positive phase of mega-ENSO),
can enhance the dynamical diffusion efficiency of near-
surface pollutants over Beijing through enhanced low-
level consistent northerly wind anomalies, increasing the
number of epochal WHDgj; and vice versa for the nega-
tive phase.

Furthermore, the following four central points, which
deserve further discussion, are especially noteworthy.
First, distinctive circulation anomalies over the
extratropical areas in winter can be triggered by disparate
ENSO flavors such as traditional equatorial ENSO and
new-defined mega-ENSO (e.g., Weng et al., 2009; Yuan
and Yang, 2012; Zhang et al., 2015; Zhang et al., 2019a,
2019b; Hu et al., 2020). However, here we unravel that
the mega-ENSO mode plays a more pivotal role in

DJF Z500_WAF500 anomaly (P2 minus P1)

modulation. For instance, as investigated above, the
mega-La Nifia events could be responsible for fewer
WHDyg; in P2. Nonetheless, we can discern that the sig-
nificant SST cooling/warming are confined over the
extratropical EP/WP Pacific sector in the northern hemi-
sphere instead of the equatorial oceanic regions
(Figure 2a), suggesting that the extratropical SSTAs tied
to mega-La Nifia have a more crucial role than those con-
nected to the conventional equatorial La Nifia. The most
significant difference between mega-La Nifia and conven-
tional La Nifia is that the former features vaster banded
negative SSTAs over the extratropical EP sector as well as
positive SSTAs over the WP sector in both hemispheres.
Although the obvious negative SSTAs are mainly located
in the equatorial oceanic regions during pre-P1, the
remarkable positive SSTAs are located in the WP
extratropical oceans, also indicating the potential appre-
ciable role of mega-La Nifa (Figure Sl1a).

Second, the physics of how mega-ENSO regulates the
anticyclonic/cyclonic anomaly centered around Lake
Baikal should be examined. In fact, while specifically
aiming at the mega-ENSO on decadal timescales from
the perspective of global circulation anomalies (Figure 6),
we can clearly detect a marked quasi-barotropic
planetary-scale zonal Rossby wavetrain with alternating
cyclonic and anticyclonic anomalies, which can transmit
the influence of remote mega-ENSO events to North
China through such a far-reaching zonal teleconnection.
Consequently, positive mega-ENSO is associated with
anomalously enhanced geopotential height in the middle
troposphere over Northeast Asia (Figure 6), leading to
prominent downward motions over Lake Baikal
(Figure S5) and in turn inducing the in situ anticyclonic
anomaly. As a matter of fact, the DJF mega-ENSO can
excite the poleward-propagating Rossby wave (Zhang
et al., 2019a), and the westerly jet stream (WIJS) often
serves as the waveguide facilitating the Rossby wave
energy propagation into the downstream areas
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FIGURE 6 DIJF composite differences of 500-hPa geopotential height (contours, gpm) and WAF (vectors, m*s~2) during the period
between P1 (1972-1996) and P2 (1997-2012) (P2 minus P1) after removing the linear trend. Values of geopotential height anomalies that are
significant at the 90% confidence level are dotted. The pentagram delineates the location of Beijing
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model. The pentagram delineates the location of Beijing, and the gray shaded area denotes the Tibetan plateau

(e.g., Ambrizzi and Hoskins, 1997; Zhang et al., 2015;
Zhu and Li, 2016; Wang et al., 2019). We assume that the
poleward-propagating Rossby wave might be trapped
when it passes across the WIJS. Subsequently, under the
influence of the WIS waveguide, the above planetary-
scale zonal wavetrain with significant perturbations
might affect the interdecadal variability of the down-
stream wintertime anticyclonic anomaly centered around
Lake Baikal. The above-mentioned processes and wave
path can be supported by the composite maps of station-
ary WAF (vectors in Figure 6). To further validate the
proposed physical processes/mechanisms, numerical
experiments associated with mega-ENSO were per-
formed. The observed quasi-barotropic teleconnection
and WAFs associated with the positive mega-ENSO can
be reproduced using the ECHAMS5 model overall, with
much broader positive height anomalies over northern
Asia (Figure 7a). Therefore, noticeable modeled low-level
northerly wind anomalies over Beijing can be triggered
(Figure 7b) to establish a higher dynamical scavenging
efficiency of local pollutants.

Third, we find that the spatial SSTA distribution in
the years after P2 (2013-2018) exhibits a somewhat
mega-El Nifo-like pattern (Figure S6). Whether the
increased mean higher number of WHDg; after 2013
(Figure 1) are associated with the mega-El Nifio episodes
is an intriguing issue that deserves further exploration.

Fourth, it was observed that DJF AMO exhibits clear
interdecadal fluctuations around the early 1970s
(switching from positive to negative) and mid-1990s

(switching from negative to positive) (Geng et al., 2017),
and it has a fairly similar in-phase interdecadal relation-
ship with mega-ENSO. As revealed by previous studies
(Xiao et al., 2015), the warm (cold) AMO might lead to
an increased (decreased) epochal winter haze frequency
over Beijing and its surroundings by suppressing (facili-
tating) occurrences of in situ cold air via a quasi-
barotropic planetary-scale Rossby wavetrain emanating
from the North Atlantic. However, the actual decreased
epochal WHDg; during P2 (corresponding to warm
AMO) and increased epochal WHDg; during P1
(corresponding to cold AMO) allow us to speculate that
AMO could play a relatively minor role in modulating
WHDg; on decadal timescales compared to mega-ENSO.
Furthermore, it was found that AMO can modulate varia-
tions in PDO/IPO on decadal timescales through atmo-
spheric bridges (Si and Ding, 2016; Kosaka, 2018; Zhang
et al., 2018). Therefore, the existence of appreciable inter-
actions between DJF AMO and mega-ENSO, if any,
should be ascertained. These issues are deserving of fur-
ther investigations in future studies.
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