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• Haze days in Beijing are more frequent
during eastern-Pacific El Niño winters.
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This study investigated the connection between interannual variations inwinter haze frequency over Beijing and
different flavors of the El Niño–Southern Oscillation (ENSO). The results showed that the haze frequency was
highest during eastern-Pacific (EP) El Niñowinters and lowest during EP LaNiñawinters. No below-normal win-
ter haze frequency years were observed during EP El Niño winters, and no above-normal years were observed
during EP La Niña winters. However, the relationship between winter haze frequency and central-Pacific (CP)
ENSOconditionswasmore complex, i.e., both above- and below-normal haze frequency yearswere equally prob-
able during CP El Niño and CP La Niña winters, and the difference in the number of mean haze days associated
with these flavors was exceptionally small. The nearly opposite atmospheric circulation patterns between EP
El Niño and EP La Niña winters were responsible for the substantial difference in local winter haze frequency,
as these patterns established favorable and unfavorable local meteorological conditions for haze formation, re-
spectively. However, the diverse in situ haze frequency situations during CP El Niño and CP La Niña winters
and the small relative differences between such winters could reflect the complexity of the CP ENSO's impacts
on haze-related circulation anomalies. The results of this study may help improve winter haze frequency fore-
casts for Beijing through more accurate climatic predictions.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Beijing occupies a central political, economic, and cultural role as
China's capital. In recent years, however, Beijing and its surroundings
have experienced an increasing frequency of haze events (e.g., Ding
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Table 1
Relationship between the haze frequency over Beijing and ENSO winters with different flavors during 1961–2018.

El Niño winters (21) [58.6] La Niña winters (15) [52.3] Neutral winters (22) [52.4]

El_EP (13) [63.3] El_CP (8) [53.9] La_EP (11) [48.4] La_CP (4) [56.3]

Above normal (10) (4) 1963, 1986, 2006, 2014
[69.9]

(2) 1969, 2002
[65.5]

(1) 2000 [64.2] (3) 1974, 2013, 2016 [69.7]

Normal (40) (9) 1965, 1972, 1976, 1979,
1982, 1987,1991, 1997,
2015 [56.7]

(4) 1968, 1977,
1994, 2018
[51.9]

(8) 1964, 1970, 1971, 1984,
1988, 1998, 1999, 2007
[55.5]

(2) 1973, 1975
[57.7]

(17) 1961, 1962, 1978, 1980, 1981
1983, 1985, 1989, 1990, 1992
1993, 1996, 2001, 2003, 2005,
2008, 2012 [56.7]

Below normal (8) (2) 2004, 2009
[44.2]

(3) 1995, 2010, 2017
[41.3]

(1) 2011 [47.0] (2) 1966, 1967
[30.9]

Notes: Figures within the parentheses indicate the number of years; figures within the brackets are the number or the mean number of winter haze days in Beijing (units in days).
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and Liu, 2014; Wang et al., 2018, 2019b). Haze events are often associ-
ated with particulate air pollution and low atmospheric visibility
(e.g., Ding et al., 2009; An et al., 2019;Wei et al., 2020), and thereby po-
tentially pose harmful effects such as increased deaths from cardiovas-
cular and respiratory diseases (Liu et al., 2019) and increased traffic
accidents due to reduced visibility (Chen et al., 2012). Consequently, nu-
merous initiatives—such as 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 Battle” (The State
Council of the People's Republic of China, 2018)—were promulgated
by the Chinese government to mitigate hazy conditions in Beijing.

Climatologically, haze frequency over North China is highest in the
boreal winter (e.g., Mao et al., 2019; Chang et al., 2020a). As such,
many studies have attempted to identify drivers of winter haze fre-
quency variations over North China to facilitate policymakers in miti-
gating haze pollution in advance. Previous studies have shown that,
aside from anthropogenic influences (e.g., Li et al., 2018b; Zhang et al.,
2019), various climatic factors [e.g., monsoon circulations and sea sur-
face temperature (SST)] also play a significant role in modulating local-
ized winter haze frequency over North China (e.g., Li et al., 2016; Wang
and Chen, 2016; Cai et al., 2017; Yin et al., 2017; Yin and Wang, 2018;
Wang et al., 2020). Particularly noteworthy are several studies on the
El Niño–Southern Oscillation (ENSO), a strong oceanic signal modulat-
ing interannual wintertime climate variability in East Asian regions
(e.g., Wang et al., 2000), including variations in winter haze days
(WHDs) in China. The results suggested that El Niño (La Niña) events
could result in increased (fewer) WHDs over eastern China (Gao and
Li, 2015). Moreover, ensuing studies further suggested that the number
of WHDs in southern China is significantly negatively correlated with
ENSO, whereas this correlation is insignificant in Beijing and its adjoin-
ing areas (Li et al., 2017a; Zhao et al., 2018; He et al., 2019; Cheng et al.,
2019). However, more frequent haze days have been reported over
Fig. 1. Time series of the interannual variations of winter haze days in Beijing (WHDBJ) (bars: da
solid line delineates the average annualWHDBJ, and the gray dashed lines denote 0.8 standard d
Niño winters and eastern-Pacific (central-Pacific) La Niña winters, respectively.
North China in late autumn and early winter during certain super El
Niño years (e.g., Yuan et al., 2017).

However, the aforementioned studies employed the Niño-3.4 index
to delineate evolutions in the ENSO state, and this index poorly differen-
tiates between eastern-Pacific (EP) and central-Pacific (CP) ENSO
events (Ren and Jin, 2011). Notably, CP ENSO events have been fre-
quently observed in recent years (Yeh et al., 2009; Wang et al.,
2019a), and such events can exert differentiated climatological impacts
on eastern China compared with those of traditional EP ENSO events
(e.g., Zhang et al., 2014b). Thus, we aimed to reconsider the ENSO's in-
fluence on haze variability by considering EP and CP ENSO events sepa-
rately. Given Beijing's prominence in North China, we focused on
elucidating the relationship between the number of WHDs in Beijing
(WHDBJ) and different ENSO flavors on the interannual timescale,
with the goal of supporting more accurate seasonal forecasts of winter
hazy conditions over the Beijing area. Several novel findings were ob-
tained and are presented in the following sections. The rest of this text
is structured as follows. Section 2 describes the material and methods.
Section 3 describes the connection between winter haze frequency
over Beijing and differently flavored ENSO events along with potential
associated mechanisms. Conclusions and discussion are given in
Section 4.

2. Data and methods

2.1. Data

The datasets used in this study include (1) ground-timing observa-
tions at Beijing station (station number: 54511) recorded during
1961–2019 at 02:00, 08:00, 14:00, and 20:00 BLT (Beijing local time)
obtained from the National Meteorological Information Center of
China (http://data.cma.cn/); (2) monthly planetary boundary layer
ys) during 1961–2018; different colors indicate different flavors of ENSOwinters. The black
eviation. Here, El_EP (El_CP) and La_EP (La_CP) denote eastern-Pacific (central-Pacific) El

http://data.cma.cn/


Fig. 2. TheDecember–January-February composite differences in (a) 925-hPahumidity (shading: %), (b) 925-hPa air temperature (shading: °C), (c) 925-hPawind speed (shading:m s−1),
(d) sea-level pressure (shading: hPa), (e) planetary boundary layer height (shading: m) and (f) air temperature between 850 and 1000 hPa (shading: °C) between years with above-
normal and below-normal haze frequency. The stippled areas indicate values exceeding the 90% confidence level. The pentagram delineates the location of Beijing.
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height (PBLH) for 1979–2019 with a 1° × 1° horizontal resolution from
the European Centre for Medium-Range Weather Forecasts Interim Re-
analysis (ERA-Interim) (Dee et al., 2011); (3)monthly atmospheric data
for 1961–2019with a 2.5° × 2.5° horizontal resolution from theNational
Centers for Environmental Prediction (NCEP)–National Center for At-
mospheric Research (NCAR) Reanalysis I (NCEP/NCAR) (Kalnay et al.,
1996); (4) monthly Hadley Centre SST (HadISST) data for 1961–1981
with a 1° × 1° horizontal resolution (Rayner et al., 2003); and the
monthly Optimum Interpolation SST dataset version 2 (OISST v2) for
1982–2019 with a 1° × 1° horizontal resolution from the National Oce-
anic and Atmospheric Administration (NOAA) (Reynolds et al., 2002).

2.2. Method

Haze days in Beijing were defined as in previous studies (e.g., Chen
and Wang, 2015), according to ground-timing observations of relative
humidity, visibility, and wind speed. Although the visibility threshold
for the haze phenomenon was slightly modified in 2014 (Yin et al.,
2017; Pei et al., 2018), the continuity of the data was not affected.

Following the work of Yu et al. (2019), we identified EP/CP ENSO
events by employing the national standard of China formulated by
Ren et al. (2017). In accordance with this standard, HadISST and OISST
v2 data were used to identify EP/CP ENSO episodes during 1961–1981
and 1982–2019, respectively. Moreover, a series of ENSO indices
consisting of the Niño-3.4, Niño-3, and Niño-4 indices were utilized to
construct the EP/CP ENSO index, which can detect the onset and termi-
nation of EP/CP ENSO events. More details on this identification proce-
dure are presented in Ren et al. (2017) and Yu et al. (2019). Here, the
boreal winter refers to the seasonal mean for December–January–Feb-
ruary (DJF). For instance, the winter of 1961 refers to December 1961
to February 1962. Further, because ENSO episodes usually mature in
the borealwinter (Wang et al., 2000), we examined the relationship be-
tween the winter haze frequency over Beijing and concurrent ENSO
winters with different flavors. Twenty-one El Niño winters, 15 La Niña
winters, and 22 neutral winters were classified and are listed in
Table 1. Note that El_EP (El_CP) and La_EP (La_CP) denote EP (CP) El
Niño winters and EP (CP) La Niña winters, respectively (Table 1).

The interannual component ofWHDBJ was extracted by removing the
interdecadal constituents of the raw time series ofWHDBJ.We used the 9-
yr running mean method to obtain the corresponding interdecadal com-
ponent. Because the first four years and the last four years of the
interdecadal component of the WHDBJ are unavailable, an estimation al-
gorithm was employed to resolve the tapering problem caused by the
missing years when computing the running mean (Zhu and Li, 2017).
For example, the interdecadal component of the WHDBJ for 2017 and
2018 can be obtained based on the mean of 2013–2018 and
2014–2018, respectively. Moreover, to exclude the possible impacts of
long-term trends, all data were linearly detrended before analyses. The
two-tailed Student's t-test was used to evaluate statistical significance.

3. Results

3.1. Associations between WHDBJ and different flavors of ENSO

Fig. 1 illustrates the time series of the interannual variations of
WHDBJ during ENSO winters with different flavors (1961–2018). The



Fig. 3. The December–January-February composite differences of geopotential height
(contours: gpm) and winds (vectors: m s −1) between years with above-normal and
below-normal haze frequency at (a) 200 hPa, (b) 500 hPa, and (c) 850 hPa. Green arrows
represent the wind vectors with statistical significance above the 90% confidence level. The
orange shaded areas indicate height anomalies exceeding the 95% confidence level. The letter
A represents the center of an anticyclonic anomaly. The gray shaded area denotes the Tibetan
Plateau, and the pentagramdelineates the location of Beijing. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this article.)
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mean annual number of WHDBJ was 50.0 days, and one corresponding
standard deviation was equal to 9.1 days. For the subsequent statistical
and composite analyses, we defined years as having an above-normal
(AN) or below-normal (BN) winter haze frequency over Beijing based
on a standard deviation threshold of ±0.8 (Fig. 1). Thus, 10 years had
an AN haze frequency (1963, 1969, 1974, 1986, 2000, 2002, 2006,
2013, 2014, and 2016), 8 years had a BN haze frequency (1966, 1967,
1995, 2004, 2009, 2010, 2011, and 2017), and the other 40 years were
deemed normal years (Table 1).

Furthermore, Table 1 shows that the mean numbers of WHDBJ in El
Niño, La Niña, and neutral winters were 58.6, 52.3, and 52.4, respec-
tively, indicating relatively little variation. This could partially explain
why the correlation between ENSO events and haze frequency over
North China has been determined to be insignificant when calculated
based on the regular Niño-3.4 index. However, when considering differ-
ent ENSO flavors, the highest average number ofWHDBJ (63.3 days) and
the highest number of years with an AN haze frequency [4 out of 10
(40.0%); 69.9 days] were identified during El_EP winters (Table 1), dur-
ing which no BN in situ haze frequency years were observed (Fig. 1). In
stark contrast, the lowest number of mean WHDBJ (48.4 days) and the
highest number of years with a BN haze frequency [3 out of 8 (37.5%);
41.3 days] were identified during La_EP winters (Table 1), during
which no AN local haze frequency years occurred (Fig. 1). However,
the effects of CP ENSO conditions were more complex, and no simple
correlations were identified between WHDBJ and El_CP/La_CP. Both
AN and BN frequency years were equally probable during El_CP or
La_CP winters (Fig. 1); further, only a small difference was found in
the mean number of WHDBJ between El_CP and La_CP (Table 1;
53.9 days versus 56.3 days).

Thus, the results suggest the two following questions. First, why are
haze frequency conditions over Beijingmore diverse in CP ENSOwinters
than in EP ENSO winters? Second, why is there a significant disparity
between the haze frequency during El_EP and La_EP winters but only
a slight difference between haze frequency in El_CP and La_CP winters?
These questions were addressed by the analyses described below. For
convenience, years with an AN (BN) haze frequency within El_EP
(La_EP) are referred to as El_EP_H (La_EP_L), while years with an AN
(BN) frequency within El_CP are referred to as El_CP_H (EL_CP_L);
years with an AN (BN) frequency within La_CP are referred to as
La_CP_H (La_CP_L).

3.2. Relevant background on atmospheric anomalies

Because haze variability over eastern China is associated with a vari-
ety of climatic factors, including large-scale circulations [e.g., the East
Asian winter monsoon (EAWM)] and local-scale dynamic and thermo-
dynamic meteorological parameters (e.g., surface relative humidity
and air temperature) (e.g., Wang et al., 2018, 2019b, 2020; Zhang
et al., 2014a; Ding et al., 2017; Wu et al., 2017; Zhang, 2017; Chang
et al., 2020b), it is appropriate to consider the effects of major atmo-
spheric anomalies before delving into the distinctive impacts of differ-
ent ENSO flavors on interannual variability in haze frequency over
Beijing.

Fig. 2 presents DJF composite differences related to meteorological
parameters within the boundary layer. The AN haze frequency is clearly
connected to significant near-surface warmer and moister conditions
(Fig. 2a, b) as well as stable atmospheric stratification at lower levels
(Fig. 2f), in conjunction with negative near-surface wind and PBLH
anomalies (Fig. 2c, e). A marked mid-latitude east-west dipole sea-
level pressure (SLP) pattern (Fig. 2d) with significant negative (posi-
tive) SLP anomalies around the Lake Baikal (Sea of Japan) is also
shown. As such, Beijing and its surroundings are controlled by southerly
anomalies in the lower troposphere (Fig. 3c), favoring the transporta-
tion and accumulation of copious amounts of local and nonlocal aerosols
and water vapor over Beijing (Wang et al., 2020). Such environmental
conditions could stimulate a striking positive feedback loop effect



Fig. 4. Composite December–January-February anomalies at a 500-hPa geopotential height (contours: gpm) and 850-hPa winds (vectors: m s −1) for (a) El_EP, (b) El_EP_H, (c) El_CP,
(d) El_CP_H, and (e) El_CP_L. Variable anomalies were calculated as the deviation from the 58-yr climatological mean (1961–2018). The gray shaded area denotes the Tibetan Plateau,
and the pentagram delineates the location of Beijing.
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between localized surface-layer parameters (e.g., temperature, relative
humidity, and PBLH) and airborne aerosols, thereby enhancing haze fre-
quency (Li et al., 2017b; An et al., 2019).We found that a significant DJF
Northeast Asian anticyclonic anomaly (NEAACA)was the crucial system
impacting these anomalous parameters (Fig. 3). The NEAACA is cen-
tered to the north of Beijing in the middle and upper troposphere
(Figs. 3a, b), while the low-level NEAACA is centered to the northeast
of Beijing (Fig. 3c). Essentially, the emergence of the NEAACA denotes
a weakened EAWM with a weakened upper-tropospheric westerly jet
that shifts more northward (Fig. 3a) (Li et al., 2016; Yin et al., 2017)
and suppresses the East Asian major trough (Fig. 3b) (Wang et al.,
2020). Thus, theweakenedwesterly jet suppresses baroclinic instability
and is unfavorable for synoptic disturbances (Li et al., 2016), which is in
turn conducive to more frequent WHDBJ. Further, a weakened EAWM
could favor the establishment of low-level southerly anomalies over
Beijing (Fig. 3c). As such, the intrusion of mid-to-high latitude cold
and pristine air into Beijing is greatly inhibited. Meanwhile, the resul-
tant amassed aerosols and water vapor that are induced by anomalous
southerlies on thewestern flank of NEAACA can result in a higher num-
ber of WHDBJ via the above-mentioned conducive meteorological con-
ditions. Contrasting conditions have been observed in years with BN
haze frequency.

3.3. Potential mechanisms of ENSO-related impacts on WHDBJ

Since haze mainly occurs in the lower troposphere, upper tropo-
spheric circulation anomalieswere not discussed. Fig. 4 depicts compos-
ites of DJF anomalies at a 500-hPa geopotential height and 850-hPa
winds during different types of El Niño winters. In general, positive
height anomalies predominate throughout Northeast Asia in El_EP,
with a notable mid-tropospheric ridge around Lake Baikal (Fig. 4a). In
addition, a prominent anticyclonic anomaly centered to the east of
Japan and a notable low pressure anomaly centered to the southeast
of the Tibetan Plateau can be detected. This strengthening pressure gra-
dient favors the formation of low-level southeasterly winds over Beijing
and adjacent regions (Fig. 4a), thus suppressing local cold air activity. As
a result, anomalously warm and humid conditions can be experienced
around Beijing (Fig. 5, a1, a2). Weak positive wind anomalies were ob-
served around Beijing (Fig. 5, a3), and we found that these wind anom-
alies were linked to surface northerly wind anomalies in terms of a clear
corresponding positive zonal SLP anomaly (Fig. 5, a4). However, these
northerlies (not shown) are quite shallow. Therefore, they cannot effec-
tively decrease the near-surface temperature (Fig. 5, a2) but are indica-
tive of downward motion over Beijing and its surroundings (Wu et al.,
2017). Under such conditions, positive stable atmospheric stratification
at lower levels and below-average PBLH over Beijing can be induced
(Fig. 5, a5, a6). Overall, these environmental conditions are fairly condu-
cive to more frequent WHDBJ. Furthermore, the composite mid-
tropospheric NEAACA, which is quite similar to its counterpart shown
in Fig. 3b, can be discerned in some EP El Niño winters (Fig. 4b). Al-
though anomalous southerlies are not established (Fig. 4b) as shown
in Fig. 3c, notably strong easterlies carrying abundant warmer moisture
from the ocean and marginal seas can be established, dampening both
the climatological westerly wind component of the EAWM and the
low-level wind speed around Beijing and thereby favoring the in situ
agglomeration of pollutants (Lou et al., 2019). As such, considerably
more favorable environmental circumstances for in situ haze occur-
rence can be induced (Fig. 5, c1–c6). This NEAACA (Fig. 4b) exhibits a
stronger barotropic structure compared with that in Fig. 3 due to the
distribution of low-level winds. Numerous studies have demonstrated
the existence of an anomalous anticyclone in association with El Niño
(e.g., Zhang et al., 1996; Wang and Zhang, 2002); however, no anoma-
lous anticyclone is shown in the lower troposphere over the western
North Pacific (WNP) in Fig. 4b as it is in Fig. 4a. The reason may be



Fig. 5. Composite December–January-February anomalies in 925-hPa relative humidity (%), 925-hPa air temperature (°C), 925-hPa wind speed (m s −1), sea-level pressure (hPa),
planetary boundary layer height (m) and air temperature between 850 and 1000 hPa (°C) for (a1–a6) El_EP, (b1–b6) El_CP, (c1–c6) El_EP_H, (d1–d6) El_CP_H, and (e1–e6) El_CP_L.
Anomalies for variables were calculated as the deviation from the 58-yr climatological mean (1961–2018). The pentagram delineates the location of Beijing.
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that the WNP anticyclonic anomaly (WNPACA) is extremely strength-
ened in Fig. 4b and thus shifts much more northwestward, forming
the remarkable NEAACA in conjunction with the anomalous mid-
latitude ridge.

However, situations are more complex in El_CP. Unlike in El_EP
winters, the broad Northeast Asian region is predominated by signif-
icant negative height anomalies (Fig. 4c). Further, positive height
anomalies can be found to the east and south of Beijing, with a no-
ticeable composite NEAACA centered over the southern Sea of
Japan (Fig. 4c). Concomitant anomalous low-level southerlies prevail
from southeastern China to the areas around Beijing can also be
discerned. The corresponding meteorological variables, except for
decreased near-surface temperature, are conducive to haze
formation (Fig. 5, b1–b6). In general, these anomalous southerlies
could be associated with positive near-surface temperature anoma-
lies around Beijing. However, the observed negative height anoma-
lies to the north of Beijing (Fig. 4c) suggest the existence of mid-
tropospheric stronger cold air activities over mid-to-high latitude
areas, which can still decrease the temperature over Beijing (Fig. 5,
b2) through the enhanced transportation of cold advection despite
the fact that these anomalous southerlies can offset the influence of
cold air to some extent. By contrast, in some CP El Niño winters
(Fig. 4d), the above NEAACA shifts more westward and is centered
around the Shandong Peninsula, leading to more intense southerly
anomalies over Beijing. Accordingly, the meteorological variables
become far more conducive to haze formation than those in El_CP



Fig. 6. Composite December–January-February anomalies at a 500-hPa geopotential height (contours: gpm) and 850-hPa winds (vectors: m s −1) for (a) La_EP, (b) La_EP_L, (c) La_CP,
(d) La_CP_L, and (e) La_CP_H. Variable anomalies were calculated as the deviation from the 58-yr climatological mean (1961–2018). The gray shaded area denotes the Tibetan Plateau,
and the pentagram delineates the location of Beijing.
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(Fig. 5, d1–d6), including strengthened positive temperature anom-
alies (Fig. 5, d2); whereas in other El_CP winters (Fig. 4e), low-level
southerly winds are suppressed due to the effects of a dampened
NEAACA and enhanced cold air activity, resulting in more unfavor-
able meteorological conditions for haze formation (Fig. 5, e1–e6),
such as notably decreased temperature (Fig. 5, e2) and relative hu-
midity (Fig. 5, e1).

Next, we discuss the distinctive impacts of two types of La Niñawin-
ters. In general, circulation patterns between La_EP and El_EP are dra-
matically reversed in sign (Figs. 6a, 4a), especially between La_EP_L
and El_EP_H (Figs. 6b, 4b); these differing circulation patterns could
exertwidely varied impacts on haze frequency. Due to these antithetical
patterns, the parameters associated with La_EP are extremely unfavor-
able for haze formation (Fig. 7, a1–a6). The composite barotropic North-
east Asian cyclonic anomaly (NEACA) can be discerned in some La_EP
winters, triggering extremely strengthened EAWM intensity with sig-
nificant northerlies (Fig. 6b). This results in extremely unfavorable in
situ conditions for haze formation (Fig. 7, c1–c6), and in conjunction
with the NEACA, are largely responsible for the above atmospheric
anomalies tied to La_EP (Figs. 6a and 7, a1–a6).

Furthermore, the circulation anomalies in La_CP resemble those in
El_CP except for the negative height anomalies to the east and south
of Beijing (Figs. 6c–e), suggesting colder local conditions. However, a
clear low-level NEAACA is centered near the Shandong Peninsula, as im-
plied by the 850-hPa wind anomalies (Fig. 6c), thereby inducing signif-
icant southerlies over Beijing to offset the local cold conditions.
Consequently, the associated meteorological variables, such as the in-
creased relative humidity and decreasedwinds, are relatively conducive
to haze formation (Fig. 7, b1–b6) compared with those in La_EP (Fig. 7,
a1–a6). Similarly, we also discerned diverse patterns associated with
La_CP. For example, in the winter of 2000, the aforementioned negative
height anomalies were replaced by positive anomalies (Fig. 6e),
suggesting an enhancedWNPACA. ThisWNPACA could have stimulated
enhanced southerlies over Beijing and its surrounding area as well as
the northward shift of cold air. Thus, the conditions were far more con-
ducive to a higher number of WHDBJ (Fig. 7, e1–e6). However, in the
winter of 2011 (Fig. 6d), the enhanced intrusion of a cold air mass dra-
matically weakened the southerlies and the WNPACA, resulting in
highly unfavorable hazy conditions (Fig. 7, d1–d6).

In summary, the atmospheric conditions tied to El_CP/La_CP are var-
iable and inconsistent. Therefore, varied haze frequencies could arise
during CP ENSO winters due to CP ENSO's more complicated impacts
on haze-related atmospheric anomalies. Additionally, it is significant
that the warmest surface temperature anomalies occurred in El_EP. It
has been reported that high temperatures favor the formation of sec-
ondary aerosols (Jacob and Winner, 2009), which could increase haze
frequency. Thus, based on the preceding analyses, we can conclude
that the environmental circumstances aremost favorable (unfavorable)
for haze formation during El_EP (La_EP), which can explain why the
highest (lowest) average number of WHDBJ occur during El_EP
(La_EP). Further, because of the distinctive influence pathways associ-
ated with CP ENSO, both AN and BN frequency years were determined
to be equally probable during El_CP and La_CP, resulting in only a
minor difference in the mean number of WHDBJ between them.

4. Conclusions and discussion

In this paper, the interannual variability of haze frequency over Bei-
jing and its relationship with different ENSO flavors during the boreal
winters of 1961–2018 were investigated. We found that no BN (AN)
haze frequency years occurred during El_EP (La_EP), and the corre-
sponding mean number of WHDBJ was highest (lowest) during these
winters. However, the impact of CP ENSO winters on WHDBJ was
more complex. AN and BN haze frequency years were equally probable



Fig. 7. Composite December–January-February anomalies in 925-hPa relative humidity (%), 925-hPa air temperature (°C), 925-hPa wind speed (m s −1), sea-level pressure (hPa),
planetary boundary layer height (m) and air temperature between 850 and 1000 hPa (°C) for (a1–a6) La_EP, (b1–b6) La_CP, (c1–c6) La_EP_L, (d1–d6) La_CP_L, and (e1–e6) La_CP_H.
Anomalies for variables were calculated as the deviation from the 58-yr climatological mean (1961–2018). The pentagram delineates the location of Beijing.
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during El_CP or La_CP, and the difference in the average number of
WHDBJ between these winters was quite small.

Almost completely opposite circulation patterns are observed in
El_EP and La_EP winters, and the appearance of NEAACA and NEACA
in El_EP_H and La_EP_L, respectively, largely contributes to these op-
posing patterns. Under such circumstances, the corresponding anoma-
lies of meteorological parameters within the boundary layer were
nearly opposite in sign, leading to a considerable difference in the num-
ber ofWHDBJ. However,more diverse circulation patterns andmore dis-
tinctive meteorological conditions were detected in El_CP/La_CP,
resulting in a more complex connection between WHDBJ and CP El
Niño/La Niña winters.
Furthermore, although significant low-level southerly anomalies can
offset the effect of cold air activity over Beijing in El_CP and La_CP, the sur-
face temperatures in both El_CP and La_CP are quite lower than those in
El_EP. Therefore, the mean number of WHDBJ tends to be highest during
El_EP, presumably due to in situ environmental conditions conducive to
the formation of haze that are largely induced by the barotropic
NEAACA in El_EP_H. Again, lower-than-normal temperature in conjunc-
tion with other extremely unfavorable variables (e.g., decreased relative
humidity and increased winds and PBLH) during La_EP are responsible
for the lowest mean number of WHDBJ during such winters, which is
largely tied to the barotropic NEACA in La_EP_L. In addition, both AN
and BN frequency years can be seen during El_CP and La_CP, which



Fig. 8. Time series of anomalies in detrended rawwinter haze days in Beijing (black line: days) alongwith its interdecadal component (red line: days) for 1961–2018. The blue vertical line
delineates the year 1997. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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could substantially lower the overall difference in the haze frequency be-
tween them. Importantly, the circulation patterns north of about 40°N are
fairly consistent between El_CP and La_CP (Figs. 4c, 6c); these patterns
differ more strongly between El_EP and La_EP. The differences between
El_CP and La_CP aremainly confined to the tropical-extratropicalwestern
Pacific, with a conspicuous anticyclonic (cyclonic) anomaly located
around the Philippines (Figs. 4c, 6c); this concurs with the results of Li
et al. (2018a). However, the similar patterns north of 40°N can contribute
to comparable in situ environmental conditions, such as increased relative
humidity and decreased temperature (Fig. 5, b1–b2 and Fig. 7, b1–b2),
which might also be responsible for the minor differences in haze fre-
quency between El_CP and La_CP.

The clearer physical processes by which ENSO affects WHDBJ can be
described as follows. In boreal winters, the EP El Niño (La Niña) is ac-
companied by an anomalous anticyclone (cyclone) over the WNP,
resulting in anomalous southerly (northerly) winds around the south-
eastern coast of East Asia (Zhang et al., 1996, 2015). The anomalous
southerly (northerly) winds weaken (strengthen) the EAWM, and a
weak (strong) EAWMcorresponds tomore (fewer) haze days over east-
ern China (Li et al., 2016). However, we also identified no consistent ef-
fect of CP El Niño winters on the EAWM (Zhang et al., 2017). Therefore,
the complex connection between WHDBJ and CP El Niño/La Niña win-
ters in this study was put forward.

However, significant uncertainties may emerge if CP El Niño, espe-
cially CP La Niña episodes, are used to conduct seasonal WHDBJ fore-
casts. This might be because fewer and more diverse events could
reduce the robustness of the statistical results, due to thepresence of ex-
traneous fluctuations inmeteorological conditions. The composite PBLH
and atmospheric stability anomalies in La_CP seem more unfavorable
for haze formation compared to those in El_CP (Fig. 5, b5–b6 and
Fig. 7, b5–b6), but haze frequency in La_CP is somewhat higher.
Whether such an unusual phenomenon can be attributed to the
abovementioned poor robustness deserves further exploration. As
more frequent CP ENSO events are predicted to occur in the future
(Wang et al., 2019a), more robust results may be possible in the future.

Finally, a clear decreasing (increasing) trend in the number of EP El
Niños (EP La Niñas) was observed since the late 1990s (since around
1997) (Table 1), which concurred with previous studies (Wang et al.,
2019a; Zhao and Wang, 2019). Such decadal variabilities could in part
explain the significant epochal enhancement (decline) in the number
ofWHDBJ for 1981–1997 (1998–2014) (Fig. 8). However, a clear decadal
decrease and increase were also observed in the frequency of haze
events before the early 1970s and after the mid–2010s, respectively.
Whether such decadal variations aremodulated by other climate factors
are intriguing issues that deserve further exploration.
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