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ARTICLE INFO ABSTRACT

Keywords: China has implemented a series of emission reduction policies since 2013, and the concentration of air pollutants

PM, 5 has consequently decreased significantly. However, PM, 5 (particulate matter with an aerodynamic diameter less

ENSO ) than 2.5 um) pollution still occurs in China in relation to the interannual variations in meteorological conditions.
atm?sl,’he_m circulation Considering that El Nifio-Southern Oscillation (ENSO) is the strongest signal modulating the interannual variation
precipitation . . . . . . . . .

i, in the atmosphere—ocean system, in this study the authors investigate the variations in PM, 5 concentrations in

PM, four megacity clusters of China during the winter season associated with four individual ENSO events from 2014
JEIR B E—R Ji e sh to 2021. Results show that the wintertime PM, 5 concentrations in the Beijing-Tianjin—Hebei and Fenwei Plain
KR regions during El Nifio years are higher than those during La Nifa years, which can be explained by the anomalous
[k southerly (northerly) winds during El Nifio (La Nifia) favoring PM, 5 accumulation (diffusion). In the Pearl River
Delta region, PM, 5 concentrations decrease in El Nifio relative to La Nifia years owing to the enhanced water
vapor flux and precipitation, removing more PM, 5 from the atmosphere. The comprehensive effects of wind and
precipitation anomalies lead to the unpredictability of the impacts of ENSO on PM, 5 over the Yangtze River Delta
region, which should be analyzed case by case.
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1. Introduction pared to historical periods (1950-1999), as global greenhouse gas emis-

sions accelerate the warming of the lower atmosphere and weaken the

PM, 5 refers to particulate matter with an aerodynamic diameter less
than 2.5 um. It can stay in the air for several days and be transported
over long distances, posing serious impacts on public health and socioe-
conomics. China has experienced frequent severe PM, 5 pollution since
the beginning of the 21st century. For instance, PM, 5 pollution was re-
ported to be responsible for more than one million premature deaths in
China during the year 2015 (Cohen et al., 2017).

The rise of anthropogenic emissions and adverse meteorological con-
ditions are the main factors leading to increases in regional PM, 5 con-
centrations in recent years (Ding et al., 2016; Ding and Liu, 2014;
Yang et al., 2016, 2018). The frequency of severe winter haze events in
Beijing in the future (2050-2099) is projected to increase by 50% com-
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East Asian winter monsoon (Cai et al., 2017). In addition, external forc-
ing, such as El Nifio-Southern Oscillation (ENSO), Pacific Decadal Oscil-
lation (PDO), and Arctic sea ice also have important impacts on PM, g
pollution in China (e.g., Chang et al., 2016; Yin et al., 2021). Arctic
sea ice loss intensifies the haze pollution in eastern China (Wang et al.,
2015; Zou et al., 2020). With PDO shifting towards a negative phase, the
weakened Mongolian high and ascending motion anomalies destabilize
the air, which is conducive to the spread of pollutants and has led to the
decline in the occurrence of wintertime haze over central-eastern China
since the mid-1980s (Zhao et al., 2016).

Among the external forcings, ENSO is the strongest signal that mod-
ulates interannual variations in the ocean-atmosphere system near the
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equator. ENSO oscillates irregularly between its warm (El Nifio) and
cold (La Nifnia) phases, peaking in the boreal winter and recurring in
two to seven years. It triggers atmospheric circulation and precipitation
anomalies, thereby affecting the chemical formation, transport, and re-
moval of air pollutants. For example, Liu et al. (2019) quantified the co-
variability between 1948-2015 observed East China precipitation and
tropical Pacific SST and reported that Southeast China wintertime flood-
ing (drought) was related to tropical Pacific El Nifio (La Nifia) SST. Pre-
vious studies have investigated the influences of ENSO on air pollutants
through observational records and model simulations. Based on atmo-
spheric visibility data, Gao and Li (2015) showed that wintertime haze
days in eastern China increased (decreased) in El Nifio (La Nifia) during
1981-2010; and again based on visibility data, Zhao et al. (2022) found
that the impact of ENSO on haze pollution over northern China was
strong in early winter, but weak in late winter. Using an aerosol-climate
coupled model, Zhao et al. (2018) found that aerosol levels over south-
ern China increased (decreased) in El Nifio (La Nifia) winter, contributed
by aerosols transported from South and Southeast Asia. Based on an at-
mospheric circulation model, Sun et al. (2018) found that the weakened
East Asian winter monsoon during El Nifio events increased aerosols in
eastern China, especially over northern China. Using observational data,
Wang et al. (2019) found that wintertime PM, 5 concentrations over
northern (southern) China were higher (lower) in the 2015 El Nifio than
in the 2017 La Nifa.

ENSO events characterized by different intensities, durations
and patterns of equatorial SST anomalies could have different im-
pacts on aerosol pollution in China. Based on model simulations,
Yu et al. (2019) classified El Nifio events into five categories with dif-
ferent spatial types and intensities, and revealed that Central Pacific
(CP) El Nifio events led to larger increases in the winter aerosol burden
over southern China relative to Eastern Pacific (EP) El Nifio events with
the same intensity. Wang et al. (2020) found that haze days in Beijing
were more frequent during EP El Nifio winters and less frequent during
EP La Nina winters. Zeng et al. (2021) found that, compared to long-
duration El Nifio events, El Nifo with short duration but strong inten-
sity caused northerly wind anomalies over central-eastern China, which
was favorable for aerosol diffusion over this region. Yet, some discrep-
ancies exist among previous works; for example, Zhao et al. (2018) and
Yu et al. (2019) found that winter aerosols increased in southern China
during El Nifio years, but Wang et al. (2019) reached opposing conclu-
sions.

Due to the lack of long-term observational PM, 5 data, all previ-
ous research has been based on atmospheric visibility data, modeling
simulations or limited surface measurements during individual El Nifio
and/or La Nifia events. In 2013, the Chinese government issued the
Air Pollution Prevention and Control Action Plan (hereafter, Clean Air
Action) to control anthropogenic emissions and required the Beijing—
Tianjin—Hebei (BTH) region, Yangtze River Delta (YRD), and Pearl River
Delta (PRD) to reduce their PM, 5 concentrations by 15%-25% from
2013 to 2017. Since then, nationwide PM, 5 concentration data have
been provided by the China National Environmental Monitoring Center
(CNEMCQ). In 2018, the Three-year Action Plan on Blue Sky Protection
Campaign (hereafter, Blue Sky Protection Campaign) was issued for con-
tinuous emissions reduction, mainly concentrating on three key regions,
BTH and surrounding areas, Fenwei Plain (FWP) and YRD. Here, based
on PM, 5 observational data during 2014-2021, we quantify the vari-
ations in wintertime PM, 5 concentrations in four megacity clusters in
China, i.e., BTH, FWP, YRD, and PRD, during El Nifio and La Nifia years
and explore the possible mechanisms of the ENSO effects on PM, 5 in
China.

2. Data and methods
To identify the ENSO conditions, we apply monthly SST data from

the National Oceanic and Atmospheric Administration Extended Recon-
structed SST version 5 (Huang et al., 2017). Hourly observations of
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Table 1 El Nifio and La Nifia events identified in this study over 2014-2021.

Type Period Length Maximum Maximum Type
(month) time Q)

ElNifo 2014.11-2016.04 18 2015.12 2.6 EP

La Nifia 2017.10-2018.04 7 2017.12 -1.0 EP

El Nifio  2018.10-2019.05 8 2018.11 0.9 CP

La Nifia 2020.08-2021.04 9 2020.11 -1.3 EP

PM, 5 concentrations over China from September 2014 to August 2021
are derived from CNEMC (http://www.cnemc.cn). Sites of the PM, 5 na-
tionwide monitoring network increased in the past few years, with about
1000 sites in September 2014 and about 2000 sites in August 2021. We
use 1439 stations of which at least 60% data records are available within
the analyzed period (shown in Fig. S1). Monthly mean geopotential
height, wind fields, and specific humidity data are derived from ERA5
(Hersbach et al., 2020) provided by the European Centre for Medium-
Range Weather Forecasts. Monthly precipitation data are extracted from
the CPC Merged Analysis of Precipitation (Xie and Arkin, 1997).

ENSO events are indicated by Nifio3.4 index, which is defined as
the regionally averaged SST anomaly over the Nifio3.4 region (5°S-5°N,
170-120°W), shown in Fig. 1. Anomalies are calculated by removing
the 1991-2020 average. When the three-month running Nifio3.4 index
is above 0.5°C (below —0.5°C) and lasts for more than five months, it is
identified as an El Nifio (La Nifia) event. During an ENSO event, if the
center of SST anomalies is west of 150°W, we classify the event as a CP
event; otherwise, an EP event. Based on these criteria, the four strongest
ENSO events during 2014-2021 are identified, which are in the winters
of 2015 (El Nifio), 2017 (La Nifia), 2018 (El Nifio), and 2020 (La Nifia)
(see Table 1).

3. Results

Time series of monthly mean PM, 5 concentrations averaged over
the 1439 stations over China are shown in Fig. S2. It is obvious that the
PM, 5 concentration throughout China have declined since 2014 due to
the Clean Air Action and Blue Sky Protection Campaign. In addition, the
PM, 5 concentration exhibits significant annual variability and usually
reaches its peak in winter—the same season as when ENSO reaches its
mature phase.

Fig. 2 presents the year-by-year changes in PM, 5 concentrations in
December-January-February (DJF) over the four sub-regions of China
focused upon in this study. The seasonal and regional averaged PM, 5
concentrations are 95 yg m~3 in BTH, 97 ug m~3 in FWP, 65 ug m~3 in
YRD, 40 ug m~3 in PRD, and 64 g m~3 throughout the whole of China
during the analyzed period. The PM, 5 concentrations in BTH and FWP
are generally higher in El Nifio winters than in La Nifia winters, whereas
lower concentrations appear in PRD. More specifically, compared with
winter 2017 (2020), the PM, 5 concentration in BTH and FWP in win-
ter 2015 (2018) increased by 27 (29) ug m~3 and 2 (37) ug m~3, re-
spectively. Even if anthropogenic emissions were declining with time,
the PM, 5 concentrations over BTH and FWP during the 2018 El Nifio
were 11 yg m~3 and 9 ug m~3 higher than those during the 2017 La
Nifla, suggesting that ENSO’s modulation of PM, 5 concentrations could
be stronger than anthropogenic emissions on interannual timescales.
The PM, 5 concentrations over PRD in the 2015 (2018) El Nifio win-
ter were 16 ug m~=3 (1 ug m~3) lower than those in the 2017 (2020) La
Nifa. In YRD, the PM, 5 concentrations in the 2015 (2018) El Nifio were
3 ug m~3 (10 ug m~3) higher than those in the winter 2017 (2020) La
Nifia, but the concentration in 2018 was 12 ug m~3 lower than that in
2017.

Fig. 3 shows the spatial patterns of DJF-mean PM, 5 concentrations
during the four ENSO events over China, as well as differences between
El Nifio and La Nifia years. The PM, 5 concentrations in the four win-
ters have a similar spatial pattern, with higher PM, 5 concentrations in
eastern China, especially in BTH, but lower concentrations in western
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Fig. 1. Time series of Nifio3.4 index (bars; units: °C) and its three-month running mean (curve; units: °C). Shades illustrate El Nifio (red) and La Nifia (blue) periods.

Dotted lines indicate 0.5°C and —0.5°C.
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Fig. 2. PM, ; concentrations (units: ug m~3) in winter (DJF) in the BTH, FWP, YRD, and PRD regions of China. The boxes denote the first and third quartiles of
the data; the horizontal lines indicate the median; and the green points indicate the mean. The whiskers extend from the boxes by 1.5 times the interquartile range.

Shades illustrate El Nifio (red) and La Nifia (blue) years.

and southern China. Moreover, by comparing the PM, 5 concentrations
between El Nifio and La Nifia winters, obvious differences exist between
northern and southern China. The DJF PM, 5 concentrations show posi-
tive anomalies in northern China during El Nifio events (2015 and 2018)
relative to La Nifia events (2017 and 2020) (Fig. 3(e, g)). Considering
the emission reductions in recent years, we compare the winter PM, g
concentrations between 2017 and 2018 (Fig. 3(f)), and the difference
shows the same pattern as above. The differences exhibit a maximum
of more than 50 ug m~3 over northern China. In the area south of the
Yangtze River, the differences are generally the opposite, with lower
concentrations in El Nifio than in La Nifia winters.

To explore underlying mechanisms associated with ENSO influences
on wintertime PM, 5 concentrations in China, we analyze the DJF-mean
large-scale atmospheric circulation anomalies, including geopotential
height, wind fields, and precipitation, relative to the 42-year climatol-
ogy (seasonal means averaged over 1979-2020), as shown in Fig. 4.

During the 2015 and 2018 El Nifo, the western North Pacific sub-
tropical high and the Aleutian low strengthened significantly, leading to

anomalous southeasterly winds in the lower atmosphere over BTH and
FWP relative to the climatological mean, which was not conducive to
the diffusion of air pollutants. Although anomalous southeasterly winds
at 850 hPa were apparent over BTH and FWP in December 2015, they
reversed to anomalous northerlies in January and February 2016 (Fig.
S3), which was due to the beginning of the decay of El Nifio and the
sudden phase change of the Arctic Oscillation from positive to negative
(Zhang et al., 2019). During the 2017 and 2020 La Niiia, the Aleutian
low shifted westward, leading to anomalous low pressure over North-
east China. In winter 2017, the northerly winds at 850 hPa over BTH
and FWP were strengthened, which contributed to the diffusion of PM, 5
and thereby decreased the PM, 5 concentrations over BTH and FWP and
increased them over YRD owing to the regional transport from northern
China. In winter 2020, the anomalous westerly winds at 850 hPa and
southwesterly wind at 500 hPa that existed over BTH and FWP were
also favorable for PM, 5 diffusion.

PM, 5 over southern China is largely influenced by the precipita-
tion associated with the moisture transport from the oceans. Fig. S4
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Fig. 3. Spatial distribution of PM, 5 concentration (units: ug m~3) in DJF during the (a) 2015 El Nifio, (b) 2017 La Nifia, (c) 2018 El Nifio, and (d) 2020 La Nifia,
and the differences in PM, 5 concentrations (e) between the 2015 El Nifio and 2017 La Nifia, (f) between the 2018 El Nifio and 2017 La Nifia, and (g) between the
2018 El Nifio and 2020 La Nifa.
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shows the vertically integrated (1000 hPa to 300 hPa) water vapor flux
(kg m~! s71) and its divergence (kg m~2 s~!). Anomalous southerly
winds over southern China carried warm and wet air from the Bay of
Bengal and the South China Sea and converged over PRD during the
2015 El Nifno. The moisture flux was significantly strengthened and even
transported to YRD in the 2018 El Nifio, which is consistent with the
wider range of precipitation anomalies in CP El Nifio events than in EP
El Nifio events shown in Yu et al. (2020). Liu et al. (2020) also proposed
that CP El Nifio and Atlantic warming made an important contribution
to the excessive amount of precipitation in winter 2018. The stronger
moisture flux during El Nifno increased the precipitation over PRD in
2015 and YRD in 2018 (Fig. 4(i-1)), which enhanced the wet deposition
of PM, 5 over these regions, while in the 2017 and 2020 La Nifia events
a reduction in precipitation was observed in southern China. The en-
hanced precipitation during the 2018 El Nifio over YRD, together with
the enhanced north-to-south PM, 5 transport during the 2017 La Nifia,
explains the reduction in PM, 5 concentration over YRD in 2018 relative
to 2017 (Fig. 3(f)). Considering the comprehensive effects of winds and
precipitation, the quantitative influences of ENSO on PM, 5 over YRD
should be analyzed case by case.

4. Summary

Based on observational PM, 5 concentrations from September 2014
to August 2021, we investigated in this study the impacts of four ENSO
events on wintertime near-surface PM, 5 concentrations in China during
2014-2021. The wintertime PM, 5 concentrations in BTH and FWP in
the 2015 and 2018 El Nifio were 28 yg m~3 and 19 ug m~3 higher than
those in the 2017 and 2020 La Nifa, respectively. This can partially be
explained by the anomalous southerly (northerly) winds during El Nifio
(La Nifia), resulting in the accumulation (diffusion) of PM, 5 over BTH
and FWP. The wintertime PM, 5 concentrations in PRD in the 2015 and
2018 El Nifio were 8 ug m~3 lower than those in the 2017 and 2020 La
Nifia owing to the enhanced water vapor flux and precipitation, leading
to more PM, 5 removal during El Nifio events. In YRD, the enhanced
precipitation in El Nifo, especially in CP El Nifio, favors the removal
of PM, 5 from the atmosphere, but the enhanced north-to-south PM, 5
transport in El Niflo favors an increase in PM, 5 concentrations. The
comprehensive effects of wind and precipitation anomalies lead to dif-
ficulties in accurately quantifying the impacts of ENSO on PM, 5 over
YRD, which should be analyzed case by case.

It should be noted that, with observational data alone, we did not
specifically quantify the impacts of the changes in anthropogenic emis-
sions in China in recent years, which could perturb the magnitude of the
ENSO impacts on PM, 5 concentrations illustrated in this study. Model-
ing studies are necessary for further analysis to distinguish the conse-
quences on air pollutants caused by anthropogenic emissions and ENSO.
In addition, due to the short history of PM, 5 observations in China, only
the PM, 5 variations during four ENSO events were examined in this
study. The impacts and mechanism can be further verified with more
data in the near future.
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