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• Under intensified regional air pollution
preventions, the haze pollution dramat-
ically rebounded in the winter of 2018.

• Both of the observed analyses and the
GEOS-Chem results demonstrated the
effect of climate anomalies on the re-
bound in 2018.

• The teleconnection patterns related to
external factors were comprehensively
conductive to the PM2.5 rebound.
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Emission reduction
Rigorous air pollutionmanagements since 2013 resulted in decreasing trend in fine particulatematter (PM2.5) in
China. Regional air pollution prevention measures were extra implemented in the “2 + 26” region since 2017.
However, haze pollution dramatically rebounded in the winter of 2018. Both of the observed analyses and the
numerical results (basing on a global 3-D chemical transport model) demonstrated that, although intensified
preventionmeasures existed, atmospheric circulation and local meteorological conditions still significantly influ-
enced the variation in haze pollution. The simulated PM2.5 concentrations (with fixed emissions) driven by me-
teorology in 2018 were 12–15% higher than those with atmospheric circulations in 2017 both under a low and a
high emission level, close to the observed 10% PM2.5 rebound. In 2018, positive sea ice anomalies around Beaufort
Sea and “triple pattern” anomalies of sea surface temperature in the North Pacific and North Atlantic enhanced
the anomalous anticyclonic circulations over the air-polluted region, and thus resulted in minimum surface
wind speed during 1979–2018 and 16.8% shallower boundary layer than those in 2017. In the stagnated air of
winter 2018, the transported dispersion of pollutant particles was weakened, however more secondary aerosols
were produced by enhanced chemical reactions, which jointly contributed to the PM2.5 rebound in 2018.

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

Haze pollution, with low visibility and high concentration of fine
particulate matter (PM2.5), dramatically endangers human health, eco-
logical sustainability and economic development. After a severe haze
event in the Beijing-Tianjin-Hebei region in January 2013, series of air
quality protection policies were published, mainly including shutting
down polluting factories and restricting fuel vehicles (Wang, 2018). Al-
though the annual mean PM2.5 concentrations have been reduced in
several polluted cities (Li et al., 2019), severe winter haze episodes
still frequently occurred (Yin et al., 2019). For example, during Decem-
ber 16th–21st 2016, severe haze pollution with PM2.5 concentrations of
1100 μgm−3 occurred and covered 710,000 km2 (Yin andWang, 2017).
In addition to local emissions, regional transportation was a major
source of air pollution (An et al., 2019); thus, regional prevention and
treatments should be more effective in reducing PM2.5 concentrations.
In 2017, the “2017 Air Pollution Prevention and Management Plan for
the Beijing-Tianjin-Hebei Region and its Surrounding Areas” was re-
leased to direct the “2 + 26” cities to jointly resolve their air pollution
issues (Ministry of Environmental Protection of China, 2017). These
Fig. 1. Distribution of PM2.5 concentrations (unit: μg m−3): means (shading) and daily maximu
winter means of PM2.5 between 2017 and 2018 (c). The triangles in panel c indicate the “2
represents the 2 + 26 region (32–42°N, 110–120°E).
“2 + 26” cities (Fig. 1c) are mainly located in the most polluted areas
of North China (2 + 26 region: 32–42°N, 110–120°E). Chen et al.
(2019) summarized the effects of the “2 + 26” regional strategy and
found a 32.7% decrease in mean PM2.5 concentrations in November
2017 compared with those in November 2016 which were attributed
to local emissions limitations; however, large-scale atmospheric circu-
lations and local meteorological effects were not considered.

Climate andweather conditions contributed to the variations in haze
pollution in China (Yin et al., 2015; An et al., 2019). Numerical simula-
tions, by a global 3-D chemical transport model (GEOS-Chem), quanti-
tatively illustrated that the interannual-decadal variations in haze
pollutions were mostly attributive to the climate variability (Dang and
Liao, 2019; Li et al., 2019). By modulating local meteorological condi-
tions, the autumn Arctic sea ice (Wang et al., 2015; Yin et al., 2019)
and preceding sea surface temperature (SST) anomalies (Yin and
Wang, 2016; Xiao et al., 2015) played important roles in the develop-
ment of severe haze in North China in 2014 (Yin et al., 2017). The posi-
tive anomalies of snow in western Siberia induced the East Atlantic/
West Russia (EA/WR) pattern to influence severe haze in December in
2016 (Yin andWang, 2017). The Antarctic Oscillation was an influential
ms (hollow circle) PM2.5 for the winters of 2017 (a) and 2018 (b), and differences in the
+ 26” cities in the regional strategy for air quality improvement, while the rectangle
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factor, showing significant negative correlation with North China haze
pollution (Zhang et al., 2019) and exerting its impact on local dispersion
conditions. The EA/WR, West Pacific and Eurasia (EU) patterns were
proved to be effective atmospheric bridges linking distant and preced-
ing climate signals to local anomalous anticyclonic circulations over
Northeast Asia (Yin et al., 2017), i.e., themain local atmospheric circula-
tions related to North China haze pollution (Zhong et al., 2019). In 2013
and 2014, the frequency of cold air was lower than that in the other
years during 2010–2017, resulting in more haze pollution in Beijing
(He et al., 2018). Locally, slow surface winds (Shi et al., 2019), a lower
boundary layer and high relative humidity result in stagnant air,
which limits the dispersion of particulates (Chen and Wang, 2015).

In the winters of 2017 and 2018, regional air pollution prevention
measureswere implemented and largely limited the levels of anthropo-
genic emissions, however, it was evident that the 2+26 regionwas still
the most severely polluted area in China (Fig. 1). Significant differences
in PM2.5 concentrations were observed during these 2 years (Fig. 1c).
The winter mean PM2.5 concentrations in 2017 were approximately
60–90 μg m−3, while means in the following year were
70–110 μg m−3. This raised a question: what are the reasons for these
noteworthy differences in PM2.5 concentrations between two adjacent
years under the same regional strategy for air quality improvement?
Are there any implications for emission reductions? In this study, we at-
tempt to discern climate causes for the observed rebound in PM2.5 con-
centrations under decreasing tendency.

2. Data sets and methods

2.1. Data descriptions

In this study, the dailymeteorological data and PM2.5 observations in
2017–2018 were used to analyse the status of haze pollution and reveal
the impacts of climate differences. Furthermore, the long sequences of
meteorological data from 1979 to 2019were also employed to illustrate
long-standing linkages between the number of haze days and climate
anomalies, which provided robust basis for the diagnosis of PM2.5 re-
bound in 2018.

Daily PM2.5 concentrations were observed by 1504 sites in East
China (Fig. 1a) and were downloaded from a public database (http://
beijingair.sinaapp.com/), widely used in studies related to Chinese air
pollution issues. The mean PM2.5 concentration of the 2 + 26 region is
the average of 398 stations over this area. In addition to PM2.5 concen-
trations, the number of haze days were also important factors to mea-
sure the levels of haze pollutions, which came from the haze
definitions in atmospheric science and overcame the limited length of
PM2.5 observations. The number of haze days was calculated from the
long-termmeteorological data during 1979–2019, mainly based on ob-
served visibility and relative humidity (Yin et al., 2017).

The daily meteorological data for the winters of 2017 and 2018, and
monthly mean meteorological data from 1979 to 2019 were obtained
from NCEP/NCAR reanalysis datasets, with a horizontal resolution of
2.5° × 2.5°. The variables included geopotential heights at 500 hPa
(H500), zonal and meridional winds at 200 hPa, 850 hPa and the sur-
face, vertical winds from surface to 150 hPa, surface air temperatures
(SAT), sea level pressures (SLP), and relative humidity from surface to
300 hPa (Kalnay et al., 1996). The boundary layer height (BLH,
1° × 1°) values were from Interim reanalysis data (ERA-Interim) ob-
tained from the European Centre for Medium-RangeWeather Forecasts
(ECMWF) (Dee et al., 2011). Themonthly precipitation data used in this
study were from the CPC Merged Analysis of Precipitation data (CMAP,
2.5° × 2.5°) obtained from the National Oceanic and Atmospheric Ad-
ministration (Smith et al., 2008). The monthly sea ice concentrations
(1° × 1°) were downloaded from the Met Office Hadley Centre
(Rayner et al., 2003). The monthly mean extended reconstructed SST
datasets (2° × 2°) were obtained from the National Oceanic and Atmo-
spheric Administration (Smith et al., 2008).
2.2. GEOS-Chem description and experiment designs

The PM2.5 concentrationswere also produced by GEOS-Chemmodel
(http://acmg.seas.harvard.edu/geos/). The GEOS-Chem model was
driven by MERRA-2 assimilated meteorological data (Gelaro et al.,
2017). The nested-grid over China (15oS–55oN, 75–135oE) was with a
horizontal resolution of 0.5o latitude by 0.625o longitude and 47 vertical
layers up to 0.01hPa. The GEOS-Chemmodel includes fully coupled O3-
NOx-hydrocarbon and aerosol chemistrywith N80 species and 300 reac-
tions (Bey et al., 2001; Park et al., 2004). According to Dang and Liao
(2019), we calculated the simulated PM2.5 concentrations in this study
as the sum of the mass of sulfate, nitrate, ammonium, black carbon
and organic carbon. Concentrations of PM2.5 are jointly determined by
emissions, transport, chemical reactions, and deposition. For each com-
ponent, seven processes physical-chemical process jointly determined
the mass balance of aerosols (i.e., mass fluxes of aerosols), including
emissions, chemistry, convection, dry deposition, wet deposition, PBL
mixing, transport. In this study, the physical-chemical process analysis
was executed for the “2 + 26” region and within the planetary bound-
ary layer.

Daily PM2.5 concentrations in the winters of 2017 and 2018 were
simulated in this study. Due to delayed updates of emission inventory,
we did not aim to design numerical experiments to reproduce the ob-
servations in 2017 and 2018. Here, we used the emissions data in
1985 and 2010 (Fig. S1a, b), which were downloaded from the website
of GEOS-Chem (http://geoschemdata.computecanada.ca/ExtData/
HEMCO/AnnualScalar). The emissions in 1985 and 2010 were largely
different and could represented a low emission scenario and a high
emission scenario (Fig. S1c). Totally, there were 4 numerical experi-
ments according to different combinations of meteorological conditions
and emissions which drive the GEOS-Chem simulations.

Met17Emi85: theGEOS-Chemmodelwere driven bymeteorological
fields in winter 2017 and emissions in winter 1985;

Met18Emi85: theGEOS-Chemmodelwere driven bymeteorological
fields in winter 2018 and emissions in winter 1985;
Met17Emi10: theGEOS-Chemmodelwere driven bymeteorological
fields in winter 2017 and emissions in winter 2010;
Met18Emi10: theGEOS-Chemmodelwere driven bymeteorological
fields in winter 2018 and emissions in winter 2010;

3. Impacts of meteorological anomalies

The differences in winter mean PM2.5 concentrations between 2018
and 2017 yielded opposite signs for North and South China (Fig. 1c).
From Guangxi to Jiangxi Provinces, PM2.5 concentrations were much
lower in the winter of 2018 than the corresponding measurements in
2017; however, in North China, the winter mean PM2.5 concentrations
in 2018 were higher than those in 2017. The negative anomalies in
South China might related to sufficient precipitation in winter of 2018,
which brought about strong wet deposition (Fig. S2b). In this study,
we focused on the most polluted area in China (2 + 26 region), where
the PM2.5 concentrations was 71.9 and 78.7 μg m−3 in 2017 and 2018,
respectively. The differences in these 2 years accounted for approxi-
mately 10% of the actual concentration in the 2+ 26 region. In addition
to winter mean PM2.5 concentrations, the number of severe haze-
polluted days (area-mean PM2.5 concentration N 100 μg m−3) was
23.1% higher in 2018 (32 days) than in 2017 (26 days). The number of
sites with maximum daily PM2.5 N 350 μg m−3 were 23 in 2017 in the
2 + 26 region (Fig. 1a), however, the numbers increased up to 37 in
2018 (Fig. 1b), with growth rate = 60.9%. Therefore, both the intensity
and coverage of haze pollutions rebounded in the winter of 2018.

Low surface wind speeds and weak cold air resulted in bad horizon-
tal ventilation (Ma et al., 2017). A strong thermal inversion layer and
lower BLH meant that fine particles accumulated in a shallower layer
and could not disperse (Liu et al., 2018). High surface humidity provided

http://beijingair.sinaapp.com/
http://beijingair.sinaapp.com/
http://acmg.seas.harvard.edu/geos/
http://geoschemdata.computecanada.ca/ExtData/HEMCO/AnnualScalar
http://geoschemdata.computecanada.ca/ExtData/HEMCO/AnnualScalar


Fig. 2. Area-mean daily PM2.5 concentrations (unit: μg m−3) in winter of 2017 (a) and 2018 (b) from observations (black), numerical simulation under emission in 1985 (blue) and
numerical simulations under emissions in 2010 (red).
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a favourable environment for hygroscopic growth of pollutant particles
(Ding and Liu, 2014). Thus, we regressed the daily PM2.5 concentrations
with the BLH, surface wind speed, SAT and humidity. The daily varia-
tions and values of PM2.5 were well reproduced (Figure omitted), with
correlation coefficient at a confidence level of 99% both in 2017 (0.72)
and 2018 (0.67). With fixed emissions, the GEOS-Chemmodel also suc-
cessfully reproduces the daily variations in PM2.5 concentrations. That is,
the correlation coefficients between daily observed and simulated PM2.5

concentrations were 0.84 (Met17Emi85), 0.84 (Met17Emi10), 0.78
(Met18Emi85) and 0.80 (Met18Emi10), which were above 99% confi-
dence level and indicated that the daily variation inmeteorological con-
ditions dominated the daily fluctuations of haze pollutions (Fig. 2). The
strong synoptic correlations provided robust basis for the following cli-
mate analysis.

With regard to winter means, an anticyclonic anomaly existed over
North China and the Japan Sea, inducing anomalous southerly winds
at 850 hPa (Fig. 3a). These anomalous southerlies could be traced to
the South China Sea, transportedmoisture and converged over themid-
dle and lower Yangtze River. This was one of the possible reasons for
greater precipitation in this location during the winter of 2018
(Fig. S2d). On the other hand, these southerlies weakened the East
Asia winter monsoon. That is, the surface wind speeds in the 2+ 26 re-
gion were slowed, meaning that horizontal ventilation conditions were
Fig. 3. Differences in winter (a) BLH (shading, unit: m), wind at 850 hPa (arrows, unit: m/s) an
between 2018 and2017 (2018minus 2017). Differences in (c) 112–118°Emean verticalmotion
(2018minus 2017). The linear trendwas removed. The green box in panel a-b is the location of
worse in 2018 than in 2017 (Fig. 3b). From 20°N to 40°N, tilted ascend-
ingmotionwas observed (Fig. 3c), resulting in favourable conditions for
precipitation to the south of 30°N and limiting the downward transport
of westerly momentum at mid and upper levels over the 2+ 26 region.
Theweakdownwardwesterlymomentumreduced the cold air near the
surface and lowered the surfacewind speed (Zhong et al., 2019).Winter
BLH in 2018 was lower than in 2017 and the centre of their differences
was located in the Beijing-Tianjin-Hebei region (Fig. 3a). Quantitatively,
the area-averaged BLH was 486m in winter 2017, 16.8% higher than in
2018 (Fig. 4; Table S1). The surface wind speeds in 2017 (3.4m/s) were
17.2% greater than those in 2018 (2.9 m/s). Horizontal and vertical dis-
persion conditions were both better in 2017 than in 2018. It is worth
noting that the moisture conditions in 2018 were similar to those in
2017, thus the conditions for hygroscopic growth were not the reason
for the PM2.5 differences in these 2 years (Fig. 4; Table S1). Furthermore,
the surface wind speeds at a minimum in 2018, corresponding to the
worst horizontal dispersions during 1979–2018. Joint with lower BLH,
the PM2.5 rebound in 2018 under the deceasing trend. In contrast, the
BLH in 2017 was the highest during 1979–2018 indicating best vertical
dispersion (Fig. 4). The surfacewind speed in 2017was largest in the re-
cent decade. The meteorological conditions in winter 2017 led to good
air quality, which enlarged the decreasing tendency of PM2.5 and
overplayed the effects of emission reductions.
d (b) surface relative humidity (shading, unit: %), surface wind speed (contour, unit: m/s)
(arrows, unit:m/s) and omega (shading, unit: pascal/s) betweenwinters in 2018 and2017
the 2+ 26 region, and the green lines in panel c indicate the latitudes of the 2+26 region.
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4. Quantifying the meteorological impacts via GEOS-Chem model

During the observational analyses, we assumed that similar regional
air pollution preventions in two adjacent years resulted in almost the
same emissions, however, we could not fully exclude the influences of
the small differences of anthropogenic emissions to the rebound of
haze pollution in winter 2018. Thus, to confirm the impacts ofmeteoro-
logical conditions, numerical experiments using GEOS-Chem were car-
ried out by comparing the simulated PM2.5 under different
atmospheric circulations in 2017 and 2018 but with fixed emissions.
That is, the differences of PM2.5 betweenMet17Emi85 andMet18Emi85
and those between Met17Emi10 and Met18Emi10 were considered to
isolate the roles ofmeteorological conditions. In these two comparisons,
the impacts ofmeteorological conditions could be assessed both under a
low and a high emission level. The GEOS-Chemmodel was widely used
in the studies on air pollutions in China basing on its good performances
to reproduce the observed atmospheric components (Li et al., 2019;
Feng et al., 2019). Furthermore, Dang and Liao (2019) applied the
GEOS-Chem model to prove that the interannual-decadal variations of
haze cannot be reproduced when the simulations were solely driven
by varying emissions (i.e., the meteorological conditions were fixed),
but can be reproduced with varying meteorological conditions and
fixed emissions. It was evident that all of four simulations successfully
reproduced spatial distributions of the most polluted areas in China,
e.g., Beijing-Tianjin-Hebei, Fenwei Plain, Sichuan Basin and Yangtze
River Delta (Fig. 5a, b, d and e). As a new defined polluted region, the
2 + 26 region covered most of North China (including Beijing-Tianjin-
Hebei) and Fenwei Plain. Therefore, it is reasonable to discuss the rea-
sons for the differences of haze pollutions in the 2 + 26 region via the
aforementioned GEOS-Chem simulations.

The centres of the PM2.5 differenceswere located near the 2+26 re-
gions and distributed from the southwest (Henan Province) to the
northeast (Hebei Province) under two different emissions (Fig. 5c, f),
which was similar to the distribution of the observed differences
(Fig. 1c). As expected, under the same levels of emissions, themeteoro-
logical conditions in winter 2018 certainly resulted in higher PM2.5 con-
centrations in the 2 + 26 region than in 2017 (Fig. 5a–f). The winter-
mean PM2.5 concentrations in the 2 + 26 region were 64.1
(Met17Emi85), 72.4 (Met18Emi85), 98.4 (Met17Emi10) and 114.7
(Met18Emi10) μg m−3. Although the absolute differences of area-
meanPM2.5 between 2018 and 2017 seemingly differed greatly, theper-
centage (the differences / mean concentration)was 12.2% (under emis-
sion in 1985, Fig. 5c) and 15.3% (under emission in 2010, Fig. 5f) that
was close to the observations (10%). The number of days with
PM2.5 b 75 μgm−3 and PM2.5 N 125 μgm−3were also counted (Table S2).
When the GEOS-Chemmodel was driven by the emissions in 2010, the
number of severe haze days increased about 54% in 2018 (37 days)
comparing to those in 2017 (22 days), however, the number of days
with PM2.5 b 75 μg m−3 declined nearly 53% (22 days in 2018 and
Fig. 4. Variations inwinter-mean surface relative humidity (black, unit: %), BLH (blue, unit: m)
rectangles indicate the variables in 2017 and 2018.
38 days in 2017). These percentages under 1985 emissions were
smaller, but the meteorological conditions in 2018 also resulted in a
larger number of severe haze days and less days with good air quality
than those in 2017 (Table S2).

Mass balance of PM2.5 are jointly determined by seven processes
(i.e., emissions, chemistry reaction, convection, dry deposition, wet de-
position, PBL mixing and transport) which could be isolated by the
GEOS-Chem model. As shown in Fig. 5i, the effect of emission and dry
deposition was summed up in this numerical model, which was a
small value (relative to chemistry reaction and transport) as well as
convection, wet deposition and PBL mixing (Dang and Liao, 2019).
Here, we focused on the total effects of seven processes, and the roles
of chemistry reaction and transport. When the emissions were low
(i.e., Met17Emis85 and Met18Emis85), the positive contributions of
chemical reactions were also low (~7.5 Ggd−1) and almost unchanged
with themeteorological conditions (Fig. 5i). However, under high emis-
sions, the chemical reactions increased 15.3% in 2018 (15.1 Ggd−1)
comparing to those in 2017 (13.1 Ggd−1), indicating that the bad dis-
persion conditions actually enhanced the chemical reactions in the at-
mosphere to produce more secondary aerosols. The transport of
aerosols exported the particles to the downwind areas as well as to
the upper troposphere. The contributions of transport were sensitive
to the change of meteorology conditions (Fig. 5i). During the atmo-
spheric circulations in 2018, the outflowof pollutant particles decreased
greatly, 13.3% and 11% under low and high emissions respectively. Thus,
the stagnated air in 2018weakened the transport process but enhanced
the chemical reactions, and thus heldmore particles in 2+26 region. As
regard to the joint contributions of transport and chemical reactions, the
budget due to changes in atmospheric circulations were 0.96 Ggd−1

(1985 emission level) and 3.31 Ggd−1 (2010 emission level). When
the stagnatedmeteorology (dispersed atmosphere) and high emissions
met, the total effects of seven processes had a valuewith 3(0.73) Ggd−1

(Fig. 5i). Therefore, the results of GEOS-Chem simulations confirmed
that changes in meteorological conditions strongly contributed to the
differences of PM2.5 in the winter 2017 and 2018.

5. Linkages with preceding SST and ASI

Large-scale atmospheric circulation provided a background for
changes in local meteorological conditions associated with haze pollu-
tion. Differences in geopotential height at 500 hPa were composited to
explore the signals of large-scale atmospheric circulation. There were
alternately positive and negative H500 anomalies over the central-
north Atlantic (+), west Europe (−), the north eastern Caspian Sea
and North China (+). This positive phase of EA/WR enhanced the anti-
cyclonic circulations over North China and intensified haze pollution in
the 2 + 26 region (Yin et al., 2017). The negative H500 anomalies over
the polar region and positive anomalies over North China formed the
positive phase of EU teleconnection pattern and contributed to the
and surfacewind speed (red, unit: m/s) from 1979 to 2018 in the 2+ 26 region. The green



Fig. 5. The concentrations of PM2.5 (unit: μg m−3) simulated by GEOS-Chemmodel in experiments namedMet17Emi85 (a), Met18Emi85 (b), Met17Emi10 (d) and Met18Emi10 (e). The
PM2.5 differences (unit: μg m−3) resulted from meteorological conditions (fixed emissions) under emission in 1985 (c, Met18Emi85 – Met17Emi85), and emission in 2010 (d,
Met18Emi10 – Met17Emi10). The increased proportion on panel c, f calculated as PM2.5 differences/(PM2.5 in 2018 + PM2.5 in 2017), where the PM2.5 concentrations were averaged
on the 2 + 26 region. The PM2.5 differences (unit: μg m−3) resulted from various emissions (fixed meteorological conditions) under meteorological conditions in 2017 (g,
Met17Emi10 – Met17Emi85), and meteorological conditions in 2018 (h, Met18Emi10 – Met18Emi85). The increased proportion on panel g, h calculated as PM2.5 differences/PM2.5

from emission 2010, where the PM2.5 concentrations were averaged on the 2 + 26 region. (i) Winter mean mass fluxes of aerosols (bottom axis: chemistry reaction, convection,
emissions+dry deposition, wet deposition, PBL mixing, transport and their sums, unit: Gg d−1) in the 2 + 26 region. The mass fluxes were calculated within the planetary boundary
layer and as the sum of sulfate, nitrate, ammonium, black carbon, and organic carbon. The green box is the location of the 2 + 26 region.
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existence of anomalous anticyclonic circulations over North China. On
the upper troposphere, the East Asia jet stream was weaker in 2018
than in 2017, which was shown by negative anomalies in the zonal
wind at 200 hPa and indicated weak cold air intensity in the north of
China (Fig. 6a). Modulated by such atmospheric circulations, the hori-
zontal dispersion (indicated by surface wind speed, Fig. 3b) and vertical
exchange (represented by BLH, Fig. 3a)were both favourable for the oc-
currence of haze pollution (high PM2.5 concentrations, Fig. 1c) in the
winter of 2018.

The aforesaid large-scale atmospheric circulations and local meteo-
rological conditions were the simultaneous climate factors responsible
for differences in winter haze pollution between 2018 and 2017. The
question arises whether we can identify several preceding climate fac-
tors, which contributed to the number of winter haze days in the
2 + 26 region (HD226). As reported by Yin et al. (2019), winter haze
on the North China Plain showed a positive relationship with the
preceding autumn sea ice on the Beaufort Sea (correlation coefficient
with HD226 = 0.38 during 1979–2016, above 99% confidence level,
Fig. S3a). Associated with positive sea ice anomalies, anomalous atmo-
spheric circulation resembled the positive phase of the EA/WR and EU
patterns (Fig. S3b). According to the results of Yin et al. (2019), these
positive sea ice anomalies in Beaufort Sea (2018 minus 2017, Fig. 6b)
should trigger anomalous teleconnection patterns and finally induce
favourable environments for higher PM2.5 concentrations in 2018
(Fig. 1c).

TheNorth Atlantic Oscillation combines parts of the EA/WRpatterns,
which was one of the dominant modes of variability over the North At-
lantic (Barnston and Livezey, 1987). The SST anomalies, associatedwith
the NAO pattern, showed a “triple pattern” in the north Atlantic
(Trenberth et al., 2019). The negative SST anomalies in the tropical
and high-latitude Atlantic regions (Fig. S3c) had close relationships
with enhanced winter haze in China (correlation coefficient with



Fig. 6. Differences of (a) winter zonal wind at 200 hPa (contour, unit: m/s), H500 (shading, unit: gpm) between 2018 and 2017 (2018 minus 2017). The green box is the location of the
2+26 region. Differences of preceding Arctic sea ice concentrations (b, %), Atlantic SST (c, °C) and Pacific SST (d, °C) between 2018 and 2017. In panel b, the area-mean sea ice in the green
box (74–80°N, 155–175°W)was calculated and designated the ASIB index. In panel c, the area-mean SST in the green boxes (0–16°N, 32–58°W; 49–66°N, 10–60°W)was calculated as the
SSTA index. In panel d, the area-mean SST in the green boxes (0–24°N, 165°E–110°W; 42–58°N, 178°E–124°W) was calculated and designated the SSTP index.
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HD226 = 0.65) via inducing a meridional pattern in the upper tropo-
sphere which then propagated zonally through Eurasia to North China
and reduced the frequency of cold air (Xiao et al., 2015, Fig. S3d). Com-
pared to that in 2017, the SST in the autumn of 2018 was cooler in the
lower and higher latitudes but was slightly warmer in the mid-
latitudes (Fig. 6c), showing the “triple pattern” and contributing to
high PM2.5 concentrations in the winter of 2018 (Fig. 1c).

In the north of Pacific, the SST differences between the winters of
2018 and 2017 also showed a clear “triple pattern”, consisting of posi-
tive SST anomalies over the Gulf of Alaska and Central-east Pacific and
negative anomalies over northwestern Pacific (Fig. 6d). This “triple pat-
tern” of SST anomalies (correlation coefficient with HD226 = –0.50,
Fig. S3e) significantly resulted in severe winter haze pollution in North
China in the autumns of 2013 and 2014, and related to lowest HD226

in 2010 (Yin andWang, 2016, Yin andWang, 2017). The induced atmo-
spheric anomalies (Fig. S3f) were similar to those in Fig. 6a, whose key
featureswere the positive phase of EA/WR and EUpatterns and stronger
anticyclonic circulations. It is well-reasoned that the positive “triple pat-
tern” Pacific SST anomalies in winter 2018 (Fig. 6d) might resulted in
the teleconnection pattern (i.e., EA/WR and EU positive phase) and
local atmospheric circulations (i.e., anomalous anticyclone) that intensi-
fied the haze pollution in the 2 + 26 region (Fig. 1c).

6. Conclusions and discussion

Since 2013, strict air pollution control effectively contributed to the
trend of decreasing in PM2.5 in China. To consolidate the managing ef-
fects, intensified air pollution preventions were strictly implemented
in the “2+ 26” cities during thewinters of 2017 and 2018. This regional
pollution policy was intended to more effectively reduce PM2.5 concen-
trations in the Beijing-Tianjin-Hebei region (Chen et al., 2019), how-
ever, the PM2.5 concentrations in the 2 + 26 region exhibited severe
rebound in 2018. Comparing 2018 and 2017 (2018 minus 2017), sea
ice concentrations in the west Beaufort Sea showed positive anomalies.
There were “triple pattern” SST anomalies in both the North Pacific and
North Atlantic. These anomalous external factors stimulated
teleconnection patterns such as a positive phase in the EA/WR and EU
patterns and finally enhanced anomalous anticyclonic circulations
over the 226 region. Thus, the local surface wind speeds were reduced
by anomalous surface southerlies, indicating limited horizontal disper-
sion conditions. In addition, conditions in the lower boundary layer
were favourable for the accumulation of particulates. However, the dif-
ferences in moisture conditions in these two years were negligible,
therefore, were not one of the reasons for the observed in PM2.5 re-
bound. To enhance the signals in the atmosphere, the differences be-
tween 2018 and 2017 were analysed in the main text (Fig. 3, 6a). It is
notable that the anomalies in 2017 and 2018, relative to the mean of
2014–2018, illustrated well-agreed features (Fig. S4). The observational
analyses on the impacts of meteorological anomalies were verified by
the results of GEOS-Chem simulations. The simulated PM2.5 concentra-
tions (with fixed emissions) driven by meteorology in 2018 were
12–15% higher than those with atmospheric circulations in 2017, close
to the observed 10% PM2.5 rebound. The process analysis illustrated
that the stagnated air weakened the outflow of pollutant particles but
enhanced the chemical reactions to produce more secondary aerosols,
and thus held more aerosol particles in 2 + 26 region.

As mentioned in Section 4, it is better to evaluate the real emissions
in the winter 2017 and 208 and to drive the GEOS-Chem model with
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them, however, our study was limited by generally delayed update of
emission inventory. Alternatively, we fixed the emissions both at a
high (2010) and low (1985) level and drove the GEOS-Chem model
solely with varied atmospheric circulations in 2017 and 2018. These ex-
periments could fix the impacts of the anthropogenic emissions, and the
results strongly confirmed the impacts of meteorology on the rebound
of haze pollution in winter 2018. Indeed, there were still gaps to under-
stand the real joint effects of meteorology and human activities in 2017
and 2018, thus, further studies should import the updated emissions in-
ventory in these two winters into the simulations.

The PM2.5 emissions in 1985were lowest since 1985 (Fig. S1c), while
those in 2010 approached the highest point (Dang and Liao, 2019). Re-
ducing the emissions from the level in 2010 to that in 1985 meant ide-
ally super-strong pollution regulations. As expected, the PM2.5 reduced
approximately 34.9–36.9% relative to the simulations driven by emis-
sions in 2010 (Fig. 5g, h). The PM2.5 differences under the atmospheric
circulations in 2018 (Met18Emi10 - Met18Emi85, Fig. 5h) were larger
than those modulated by the meteorological conditions in 2017
(Fig. 5g). The meteorological conditions not only had impacts on the
PM2.5 concentrations but also influenced the effects of the emission re-
ductions, which jointly resulted in 12.2% higher PM2.5 by the stagnated
atmospheric circulations than those under good ventilation conditions
even under same emission reductions (Fig. 5a, b). The daily bad
(good) dispersion conditions were separated according to the observed
PM2.5 N 100 μg m−3 (b75 μg m−3). The decrements, due to emission re-
ducing from the level in 2010 to that in 1985, were also calculated dur-
ing these two kind of dispersion conditions. The daily-meandecrements
of PM2.5 concentrations was ~60 μg m−3 under bad ventilation condi-
tions and ~20 μg m−3 with dispersed atmosphere, respectively
(Fig. 7a). Here, we can treat the experiments driven by meteorology in
2017 and 2018 as two annual cases. The total effects of emission reduc-
tions (i.e., the sumdecrease of PM2.5 shifting from the emissions in 2010
to 1985) were 3085 μg m−3 in 2017. Although the number of days with
bad dispersion conditions were only 26 days, the emission reductions
contributed about 50% of the total PM2.5 decrease in 2017 (Fig. 7b).
The emission reductions with good dispersions were implemented in
46 days and only resulted in 30% of the total PM2.5 decrease (Fig. 7b).
The sum decrease of PM2.5 was 3806 μg m−3 in 2018. The emission re-
ductions under stagnated (dispersed) atmosphere were carried out in
32 (34) days and resulted in 53% (21%) of the total PM2.5 decrease in
2018 (Fig. 7b). The efficiency of emission reduction was much higher
in the stagnated weather than that in the dispersed days. This implied
that, highly cost effective measures should be launched and executed
Fig. 7. (a) Daily-mean difference of PM2.5 concentrations (unit: μg m−3) between
simulations driven by emission of 2010 and 1985 under good (blue) and bad (good)
ventilation conditions. (b) Percentage PM2.5 decrease under good (blue) and bad (good)
ventilation conditions (relative to the yearly total PM2.5 decrease). The good (bad)
ventilation conditions were defined as the observed PM2.5 b 75 μg m−3 (N100 μg m−3).
depending on accurate hazy weather forecast 3–7 days ahead. Further-
more, when the wintertime atmospheric circulations were predicted to
be stagnant 1–3 months in advance, look-ahead strengthened emission
reductions must be planned to offset the effects of adverse climate con-
ditions (Wang, 2018).
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