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Abstract. Haze pollution in the Beijing-Tianjin-Hebei (BTH) region has become increasingly more severe and persistent in
recent years. To better understand the formation of severe haze and its relationship with anticyclonic anomalies over Northeast
Asia (AANA), this research focused on severe haze over the BTH region occurring in December during 2014-2016 and
examined the impacts of the AANA. The results indicated that local meteorological conditions were conducive to severe haze
(such as weaker surface winds, a stronger temperature inversion, a shallower boundary layer, and higher relative humidity)
and were all closely related to the AANA. During severe haze episodes, the AANA remained strong in the mid-upper
troposphere, generating anomalous southeasterly winds near the surface. This effect not only promoted the accumulation of
pollutants due to the unique topographical conditions in the BTH region, but also caused warm advection in lower levels,
which was the main cause of the formation and development of?gmperature inversion layer. As a synoptic-scale circulation,
the AANA was accompanied by anomalous vertical motions in the surrounding areas, which weakened the meridional
circulation over the BTH region. ‘#re ‘ntrusions of #re clean air from upper levels to the surface and the downward
transportemma of westerly momentum were suppressed, resulting in weaker northerly winds near the surface and a shallower
boundary layer. The thermally indirect zonal circulation between the BTH region and western Pacific triggered by the AANA
provided a persistent source of moisture to the BTH region, which strengthened the development of severe haze by promoting

the growth of fine particles. The advance and retreat of the AANA often corresponded with the emergence and dissipation of

severe haze, illustrating that the AANA could be an effective forecast indicator for air quality.
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1. Introduction

Yot carm  yisibilihy

Haze is a weather phenomenop,.mhich&euld restrict thexaswabsanrge and increase the risk of traffic accidents; and haze
is also a type of serious air pollution that is detrimental to people's health (Hu et al., 2015; Wang et al., 2016). Haze events in
China are mainly caused by<$he fine particulate matter (PM), which contains primary pollutants and sulfate or nitrate aerosols
(Wang et al., 2016; Cai et al., 2017; Shen et al., 2018). In recent years, the Beijing—Tianjin—Hebei (BTH, located at 36°-42°N,
114°-120°E) region has witnessed several severe haze events with long duration, large spatial extent and serious pollution
levels. Notably, the number of haze days in the BTH region has increased, and the affected area has shown an interdecadal

2
expanding trend (Zhang et al., 2015). To control the air pollution, the Chinese government promuiga‘tgi the Air Pollution

Prevention and Control Action Plan in 2013. So far, the atmospheric environment quality in the BTH region has improved to
a certain extent, mainly via the reduction in SO, and NO; concentrations (“Formation Mechanism and Control Strategies of
o O~ corresgord _
Haze in China” professional group, 2015). However, ¥ie decline in PM, 5 Concentration was not obvious, and the occurrence
of severe haze events in the BTH region showed strong inter-annual variations, especially in the winter (Chen and Wang, 2015;
qushd?
Yin and Wang, 2018). Previous studies have rev&aled that the strong inter-annual variation of December haze days is different
Numrmssnsniy
from that in other winter months (Yin and Wang, 2018). During 16-21 December 2016, the BTH region suffered serious air
pollution. Despite more than 30 cities initiating an air pollution red alert ahead of time, the pollution lasted for five days, and

3

the instantaneous PM> s concentration reached up to 1000 pg - m™ in Shijiazhuang, the capital of Hebei province. Another

pollution event occurred from 30 December 2016 to 7 January 2017, lasting for as long as nine days. These two long-term
occorned

severe haze pollution processes were detected within 20 days, which triggered a broader discussion over their formation,
L L e Y ‘

scientific attribution and reasonable methods of management (Wang, 2018).

Previous studies have indicated that the formation of severe haze is characterized by a complex interplay between
anthropogenic emissions, chemical processes and meteorological factors (Wang et al., 2016; Tang et al., 2018). The basic cause
of haze pollution is excessive emission (Wang et al., 2013; Zhang et al., 2013). The synergistic effects of these anthropogenic
emissions may worsen air pollution in North China (Wang et al., 2016; Yang et al., 2016). Nevertheless, meteorological
conditions still play a key role in the formation of haze events (Zhang et al., 2014; Yin and Wang, 2017a; Wei et al., 2017).
According to recent research (Cai et al., 2017), atmospheric circulation changes induced by global warming may enhance the
stability of the lower atmosphere in Beijing, leading to more frequent and severe haze pollution in the future. Furthermore, the
decline of autumn Arctic sea ice and the negative anomalies of subtropical western Pacific sea surface temperature could
greatly change the atmospheric circulation and lead to an increase in haz'e days in eastern China (Wang et al., 2015; Yin and
Wang, 2016). Haze pollution could be exacerbated under these pé?éd%factors through their impacts on atmospheric

circulations and meteorological conditions. In addition, local meteorological conditions and the structure oé‘\boundary layer

will vary with the change in the large-scale circulation conditions, which could affect the dispersion capability of atmosphere
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and thus have an effect on air pollution (Wu et al., 2017). The weather conditions affecting pollutant dispersion include dynamic
factors (e.g., wind and turbulence) and thermodynamic factors (e.g., atmospheric stratification and its stability) (Zhang et al.,
2014). Lower wind speed, higher relative humidity and stable atmospheric stratification are the main factors that-ete conducive
to the occurrence of haze (Zhang et al., 2014; Ding and Liu, 2014; Yin et al., 2015b). Such weather conditions could be
strengthened by a weaker East Asian winter monsoon (EAWM) and the positive phase of the East Atlantic-West Russia

(EA/WR) teleconnection (Yin et al., 2015a; Wu et al., 2016; Yin and Wang, 2016).

Research on persistent and severe haze pollution in the BTH region has demonstrated that anticyclonic anomalies in
Northeast Asia (AANA) represent a key local circulation that is conducive to the formation of serious haze pollution. Some
studies have indicated that weak East Asian winter monsoon could modulate the AANA (Li et al. 2015; Yin et al. 2015a). With
the decline of EAWM, cold air is restricted to high-latitude areas, and the East Asian trough becomes weak. It is physically
reasonable that the weaker East Asian trough appears %:a\nticyclonic circulatiog& in the anomaly field. Thus, to some extent,
the AANA is a representative indicator ot; AWM systen}t (Wang and Jiang, 2004). However, it is still unclear ‘how such

?
o ov w\gad's :
atmospheric anomalies affectiheAseve%%&e events. To better represent the intensity of the AANA and its physical mechanism

on haze pollution, we defined AANAIzs00 (AANAlwso0) and AANAlysso accordlw anomaliessat 500 hPa
'

CoOmpos
geopotential (vertical velocity) field and 850 hPa wind ﬁelc}\ on ;g%re haze episodes, referring to previous EAWM indexes

(Wang and Jiang, 2004; He and Wang, 2012). Considering that the air quality measurement network in China is relatively
7
0ses .
recently developed, this study focused on severe haze pollution in the BTH region during the months of December in the years

2014-2016, and explicated the characteristics of the AANA and its relationship with severe haze, while making comparison

WS
with non-haze episodes. The situation in December 2017 weze also discussed to verify the relationship revealed in this study.

2. Data and method

Meteorological observation data at three-hour intervals in the months of December in the years 2014-2016 were obtained
from China Meteorological Administration, including visibility, surface wind speed and surface relative humidity (RH). Hourly
PM, 5 concentration data from 80 national air quality stations over the BTH region were derived from the website of Ministry
of Ecology and Environment of China. Additionally, the geopotential height at 500 hPa, sea level pressure (SLP), U and V
components of wind at 200 hPa, 850 hPa and the surface, vertical velocity (omega) from 200 hPa to 1000 hPa, temperature at
850 hPa, 1000 hPa and the surface, surface dew point temperature, RH from 200 hPa to 1000 hPa, and planetary boundary
layer height (PBLH) from the ERA-Interim reanalysis data (Dee et al., 2011) were downloaded from the European Centre for
Medium-Range Wea‘l_ther Forecasts (ECMWF), with a horizontal resolution of 0.75°x0.75°. "P«haﬁistributionsdata of surface

e rey. OF oased on
RH were calculated m#he surface temperature and dew point temperature fosmtht”ER A-Interim reanalysis data. Considering

that ERA-Interim might have problems capturing the day-to-day and diurnal variations of PBLH over North China (von Engeln

noiees



and Teixeira, 2013; Guo et al, 2016), the NCEP GDAS/FNL Global Surface Flux data were applied to make a comparison.
Thc&nomaly fields were calculated with respect to the mean climatology in December from 1979 to 2010. Consideringsed the
strong diurnal variations of some meteorological factors, such as the PBLH, temperature and RH, the climatolog.*gen were

calculated separately for 02:00, 08:00, 14:00 and 20:00 j Beijing local time.

95 Considering that national air quality stations over the BTH region are scarce and unevenly distributed, here we mde“u"'p
Thiessen polygons to calculate the weighted average of PM, s concentration and built time series a; intervals @fstxhenrs. Then,
we selected the severe haze events (defined as PMa s concentration >150 pg-m™3; Cai et al., 2017) and non-haze events
(PM, s concentration <50 pg-m~3) and used composite analysis to analyze the associated atmospheric circulations and
weather conditions. Most previous studies investigated haze events in units of hours or days and the variations among haze

?

100 pollution processes were not taken into account. Some meteorological factors might be closely related to haze pollution in a
PO

few cases but remain insignificant in others. In this way, $he-relationshiggbetween haze pollution and meteorological factors
might be overemphasized. Meanwhile, some meteorological factors, such as the PBLH and RH, showed strong temporal
variationsfw might call their statistical relationship with haze pollution into g;lestion. Thus, neglecting the small time-
scale disturbances within each synoptic-scale environment could help to abtaia th.e physical insight (Lackmann, 2011). To

105 better describe the relationships and mechanisms manifesting among different haze pollution processes, new data called
synoptic process mean (SPM) data were rebuilt. According to the PM, s concentration, the synoptic-scale environments were
divided into three groups: severe haze, non-haze and non-severe haze (i.e., PMa s concentration € [50,150] pg- m~3). Two
criteria were used to ensure each type of haze pollution process was typical and .Igl?‘t_ligl independent: (1) a haze pollution
process should have a minimum duration gﬁ at least 12 hours (i.e., two timesteps; a timestep represents 6 hours); (2) if any

110 two haze pollution processes of the same type were detected within 24 hours (i.e., four timesteps), these two processes would
be merged into one. The SPM data applied time averaging seshod to calculate the mean PM, s Concentratioxs and all.the.|

Vocriobles?

meteorological EE‘E& during each haze pollution process. Based on the SPM data, e synoptic process correlation coefficients
(SPCCs) were calculated in ke units of haze pollution processes, rather than in units of hours or days. This method maintains

the physical relations between haze and meteorological factors while removing the potential influence of e day-to-day and

115 diurnal variations inside each synoptic-scale environment. In addition, the vertical transport of westerly momentum was

A
defined as a;_; in this study (Zhong et al., 2010). ?—; < 0 representsstre downward transport of westerly momentumy and

Juw G\

TR 0 represents the upward transport of westerly momentum (i.e., theedownward transport was restricted).

3. Results

bordy

Figure 1 shows the six-l}gl{r variation of PM, 5 concentration over the BTH region in December 2014, December 2015

120 and December 2016. The monthly mean concentrations in 2014-2016 were 84.7 ug @ 3, 1264 pg- M3, and

\ A
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128.1 pg-m™3, and the standard deviations were 55.4 pg-m=3, 79.1 ug-m=3, and 70.9 pg-m™3, respectively. These

ol Wil lacee Fiveiyations
results demonstrated that haze pollution in December was seriousﬁ.ud..ﬂ.un&ed.ﬁweg&y. The first and third quartiles of the
A

3

series were 54.0 ug-m~3 and 156.7 pg - m~3, indicating that the threshold values of severe haze (150 pg-m~2) and non-

haze (50 pg - m™3) events were reasonable. There were 14 severe haze and 12 non-haze events in the months of December in
125 the years 2014-2016 (Table 1). The duration time of severe haze events (9.3 timesteps) was relatively longer than that of non-
haze events (8.9 timesteps), especially in 2015 and 2016. Severe haze broke out rapidly in most cases, but #he dissipation

'\h oW

3’%:& processes varied da-different-years. #he PM, 5 concentratiorf decreased relatively quickly in 2014, while it remained at high W\*

¢ Wik cespeds - pers ot

L concentration levels before decreasing in 2015 and 2016. $peetfrc to the severe haze since 15 December 2016, most cities in - ¢ ¢ WARG*D)

w - i emissionrs g dey2$

Ao t TH region and ¢ée surrounding areas issued an air pollution red alert ahead of time, and anthropogenic disekarges were

‘e

“M »
13@}0' §trictly controlled. Despite those efforts, the BTH region waswstill tsee‘rrgous and persistent haze, demonstrating that WL’I t

meteorological conditions had a significant impact on haze pollution (Yin and Wang, 2017b).

As a critical system influencing the climate pattern over East Asia, EAWM plays an important role in the formation of
severe haze (Zhang et al., 2014; Yin et al., 2015; Yin and Wang, 2017b). When severe haze occurred, the EAWM weakened
Yoo vt Hoa 25 Indacated _tow -
o ;"I troposphere, ) by the relatively weak geopotential heightgatterms over She~
.’ng” Siberia and the Aleutian Islands at mid-levels (Figure 2a), the decline in northerly winds near the surface (Figure 3a—b) and ¢
Q‘os':;varmer land surface (Figure 2b). As a consequence, the East Asian jet stream was weaker and moved northward with respect

ook . Geye — Weakered 7 deepered-?
«,ﬁ‘wshe climatological mean (Yin and Wang, 2017b), while the East Asiaff trough declined and moved egstwards (Figure 2a)

‘vga\ se results indicated that the meridional circulation over the middle-high latitude area in East Asia was weakened’and that
& B0 outs” A
thR TH region was mainly gceupied.hy zonal eireation. Thus, cold air intrusions were-suppressce}y and their southward

were ssech Ny
140 movement into the BTH region deeicased (Chen and Wang, 2015; Yin and Wang, 2017b). ”Rheh‘egative anomalies th-t-he-SLP

were obvious over the middle-high latitude areaqon the Eurasian continent, with two negative centers located over the Siberian
e lond - 3ca
plain and Bering Strait, while the SLP anomaly in the Western Pacific was positive (Figure 2b). The change in differcaces~ ¢ onir®

¢t -
ity
hetweerrtmt-ambses é.dug‘ed southeasterly winds. Considering that the BTH region is located a=He-southeast of the Taihang-
sevitecsiuly  lund o

Yanshan mountains, Awind anomalies eoutd restrict the dispersion of pollutants. Moreover, the warm air brought by

" 2

WL A o _ Enhancainerd

145 southeasterly winds temperature inversion potential (TIP, Tgso-T1000). The emergence of stable
R . . . : . Coprrost , dosja

stratification restricted the vertical dispersion of pollutants (Figure 3a). ~came~to non-Haze events, the EAWM was

WO
relatively strong in the troposphere (Figure 2c—d). Thus, thescold air incursions bagasae more frequent, resulting in stronger

surface winds and lower surface RH in the BTH region (Figure 3c—d). In addition, the pressure difference/ between the Western

ald:mr? He dispersionos?

Pacific and’BTH region increased salativelyfand the northerly winds s strengthened, acceleratiffg the decredse in the PMy 5

150 Gaacenuatan. In general, #ee weakening of the EAWM sestitetee-the cold air invasions and had an.umpaeten local weather
| amaaae s WP

conditions, including surface wind speeds, surface RH and TIP, whose SPCCs with the mean PM, s concentration in the BTH
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region were -0.42, 0.72 and 0.56, respectively, and all gxceeded ale 99% confidence level (Table 2). With the decline in $hae.

wind speed near the surface and the increase in4he TIP, the horizontal and vertical dispersion of ¢ke pollutants were inhibited,

rHosiada

while higher surface RH exacerbated the formation of contaminants. These factors led to a rapid increase in the PM; s
concentration and resulted in severe haze (Figure 4).

The aforementioned southeasterly wind, abundant moisture and strong temperature inversion that induced severe haze

hypethesize #b? ¢
were all closely related to the AANA (Figure 4-5). Thus, we evaluated the AANA as-a key circulation pattern influencing

severe haze in the BTH region. Here, we defined three indexes: AANAIzsoo (defined as Zsoo anomalies over 115-140°E, 30-

5001\5, l-&da-the white box in Figure 2a), AANAIgs (defined as wind speed anomalies at 850 hPa over 120-150°E, 30-40°N,'

iwemdi-the black box in Figure 3a) and AANAlwsoo (defined as @soo anomalies over 115-125°E, 35-45°N; isewainthe white box

4

~ fﬂc
in Figure 6a) to describe the intensity of the AANA in the mid and lower troposphere. Note that the AANAIzsoo and AANAlygso
‘wgi ces y

o, 9%
were similar to previous EAWM indexes (Wang and Jiang, 2004; He and Wang, 2012), since the AANA wag an important

manifestation of the weaker EAWM (Figure 2a). However, here we defined these indexes through anomaly fields to analyze
. Nta.‘
anomalous atmospheric circulations, differing from the EAWM El_@ggcs which were used to describe the intensity of the
s dfler
EAWM and its climatic evolution. The physical meaning and the critical areas taking into account weze-diffezent between the
vladtd G dices
AANAIzs00 (AANAlpsso) an% EAWM {jndexes. Considering that the AANAIzsoo and AANAlygso only represented the intensity

of the AANA in the horizontal dimension, we further introduced AANAlwsoo to investiggte the vertical structure of the AANA.
sV Gen-mean Y7
This part will be illustrated in detail in the following section. We calculated the SPCC between #ke mean PM, 5 concentration 3

o

in th regron and the AANAIzso0 (AANAIVgso), a&ms 0.64 (-0.64), exceeding the 99% confidence level (Table 2).
C S wn wire
Thus, the AANA awas closely related to the emergence and development of haze pollutlon (Figure 5). When severe haze took
WoS ovidtrd: e, mddie
place, the AANA could be identified from the lower to the upper levels, especially}f mid-troposphere (Figure 6a). The AANA

(W WL LY SRE
Lowkd~senacate southeasterly winds near the surface (Figure 3a), which weaS eRcoaraged o the accumulation of pollutants and

ade: v

water vapor. Southeasterly winds gathered pollutants from the surrounding areas and provided a steady supply of fine particles $9€€

for haze pollution in the BTH region, while bringing moisture from the Western Pacific to the BTH region via Bohai Bay. bt

W | Pgdio imprt  int -
the-¥eak convergence induced by the anomalous low surface pressurg; moisture was-transportet~o the BTH region (Figure

3b). This promoted the hygroscopic growth of fine particles and the formation of secondary pollutants (Wang et al, 2016). In
Wk preslat’
addition, e warm advection=ewertireB¥tsegron induced by southeasterly winds ffred in the middle and lower

A
ovorhe B ugion £ & Weokev
troposphere (Figure 7). Strong warm advection at mid-levels was also consistent with the.deetnreduthe EAWM. Specifically,

WACre age¢ on
the-local temperature changeswamarsty generated by warm advection were stronger at 850 hPa than those at 1000 hPa et the day

before the first day of severe haze events. Even though anomalous vertical motlon} had negative effects on the change$of
WD Chesrgy dou be
temperature a¢ the first day of severe haze events, the posmve horizontal advection still prevailed in lower levels aad.the local

Yondeacies?

temperature changes remained positive (Figure 7). These effects were propitious to the formation and development of
Saocrve

Ve S."- "y
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temperature inversion kayer and ¢he increase in atmospheric stability (Figure 3a). The SPCC between the AANAIzsoo and TIP

was 0.58 anmme 95% confidence level (Table 3). For non-haze events, Northeast Asia was mainly controlled by
R —amm——

185 cyclonic anomalies (Figure 6b), which strengthened nortaerly winds near the surface (Figure 3c). Strong northerly winds
n nib e

brought about cold advection over the BTH region and restraingd,the transport of water vapor (Figure 3d). Higher wind speeds

and a drier atmosphere were conducive to the dispersion of pollutants. The SPCC between the AANAIzsoo and surface wind
speed (surface RH) was -0.38 (0.73), exceeding the 99% confidence level (Table 3). Thus, because of the unique topographical

conditions in the BTH region, the anomalous southeasterly flows caused by the AANA facilitated the formation and

LS

190  aggregation of haze particles. The emergence OfA temperature inversion layer enhanced the atmospheric stability, leading to
more persistent and serious haze events. Aside from horizontal dispersion, vertical dispersion also played a vital role in haze

pollution (Zhao et al, 2013; Wu et al, 2017). When severe haze occurred, #he negative anomalies of vertical velocity (omega)

Comman e Qoor~we

were feeused over Northeast Asia an(} coastal regions of eastern China, while positive anomalies were mainly located e

Northwestern Pacific (Figure 6a). Thus, the mid-levelweflestiemefAANA was accompanied by anomalous synoptic-scale

(wsest) ond. quromalovs descending moton Yohe Gront (.2&5‘(’) ot
195 ascending 4eesectrtimg) motiong to the rear 4&konty of the AANA’ The distribution of anomalies was oppositx':l non-haze ¥we

events: cyclonic anomalies appeared with anomalous synoptic-scale ascending (descending) motion[ to the front (rear) of Reo

cyclonic anomalies (Figure 6b).h-prarﬁe»&d.a.rj;e SPCC between the AANAlwsoo and the mean PM; s concentration in the BTH
ests?

region was -0.70, exceeding the 99% confidence level (Table 2). This result dermonstrated that the anomalous synoptic-scale

ey TSI O

ascending motions to the rear of the AANA had a significant effect on haze pollution in the BTH region. Our results appeared

R ool

200 to contradict with tlﬁ i iens speculation by Yin and Wang (2017b), sdieh simply concluded €€ sinking motion generated
deded ?

by the AANA asthe overall state. The following sections explain how the associated vertical circulation affected severe haze

in the BTH region.

The anomalous synoptic- scale ascending motlon associated with the AANA extended through the depth of the troposphere
. o cViwatoios! ? i
(Figure 8). Considering ﬂf the <tisaate mean state over the BTH region (i.e., descending motion; Figure S1), the anomalous
o6 Lint Ollegionally Gonsal ~
205  ascemdimgTiodv weakened the vertical motion in the local area when severe haze occurred,«ffd even gererated weak ascending

motiong in the lower troposphere (i.e., 500-800 hPa; Figure 9a). Even though sinking motiorll still prevailed over the BTH
G
region, the sink of cold air from upper levels was greatly weakened due to the anomalous aseeﬁd%ﬂg-ﬁow (Figure 9a). This

effect might explain why 4ke subsidence and associated adiabatic warming weakened during severe haze episodes and did not

J&m'f\w‘{a N
predomiMate~# the changes &flower-level temperature (Figure 7). The strong warm advection mentioned above (Figure 7)

a
210  represented the decline in the dry air intrusioé(Sun etal., 2017). As a result, the invasion of cold and dry air from upper levels
)
condons
to the surface was relatively weak, witctrproxided favorable eemtitions for the formation of severe haze (Sun et al., 2017; Hu

et al. 2018) The anomalous ascending motion in the middle troposphere not only weakened the normal sinking flow, but also
W\W\‘O\ X & ? W' n

Eg.rgi_r}g_gi the downward transportatiaa.of westerly momentum (i.e., —>O Figure 9b), which.led to weaker northerly winds
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near the surface (Lu et al., 2010; Liu and Guo, 2012). Lheinhituteé downward momentumb lessfreque
215 cold air intrusionf(Hu et al., 2018), and it.couter also affec?’fhe intensity of turbulence. On one hand, with the weakening of

momentum exchange between the upper and lower levels, the transformation of kinetic energy from the basic flow to the
?
turbulent flow was sestratned (Liu‘ et al., 2011). On the other hand, the temperature inversion mainly generated by anomalous
&SSWM\ ot Bo¥n o st
southeasterly winds wute-tead® to Lhe increasé*i»n—atmospheric stability and eissipate<the turbulent kinetic energy. m-ti¥
.
Cactors cavied o fertase Csrted 1
situatiorr, the kinetic energy of turbulence decseased (Liu et al., 2011). Weaker turbulence sowébewesified=by a shallower
("oww'ccdl o &
220 planetary boundary layer (Figure 3a). The PBLH over the BTH region was only 266.7m during severe haze episodes (#ke mean
(]

on
seate=e® PBLH in Decemberd4s 430.7m mg-&-&e ERA\interim data). This seduneed-the-atmesphere s-eapacitytor.

i
potuttorracrosots—antd had adverse effects on the dispersion of pollutants. The SPCC between the PBLH anomalies and the (o-ﬂ.q

. . . . A s
PM, s concentration was -0.60, passing the 99% confidence level (Table 2). It is worth noting that the emergence of inversion
>

layer in the BTH region resulted in a more stable atmosphere, and thus the aforementioned anomalous ascending flow eottd
wWas tohed Srown
225 net-eonneet-vetth the air 4rar lying beneath thg stable layer (Corfidi et al. 2008). However, the anomalous vertical flow still
cordriouled o o, v Yreqp? fuxes
Pprevided favorable synoptic-scale environmen}é by confinling ¢he clean air intru§i01§and the-downward momentum from upper
“’f, asoad r a9 sdpely”?
levels. Once artomalous aseendine-Hows weakened and descending motioyg prevailed over the BTH region, the sk of clean
n helpea? Aux oF
air from upper levels tended to break the inversion layer (Figure 7c). This effect cowdd also strengthen the downward %

vile

en
momentum‘aad north:ezy winds near the surface. Subsequently, the BTH region was mainly controlled byt cold advection

ContrVouied A¢ ot
230 (Figure 7c). These factors srepresemed the dissipation preeess~fot haze pollution. Forshe non-haze episodes, the cyclonic

circulation induced anomalous descending motiory over the BTH region, which strengthened the local meridional circulation
(Figure 8c—d) and the downward transport of westerly momentum (Figure 9c—d). Under these circumstances,=the clean air

intrusiofPfrom frée troposphere was more frequeny andshe surface wind speeds and turbulent exchange were enhanced, leading

Conducive Yo
to conduese conditions Afat:- pollutant dispersion. In general, the AANA was accompanied by anomalous synoptic-scale

1
235  ascending ﬂowf to its rear, which weakened the normal meridional cjrculation over the BTH region and the clean air intrusions

from higher levels. The resulting weak local vertical circulation also westetned the.transpertatrorrof downward momentum
and led to the-eendittems~eflower surface wind speeds, weaker turbulence and a shallower boundary layer in the local area.

These effects providedhfavorable synoptic-scale environment# for the formation and development of severe haze.

Note that the AANA modulated a thermally indirect zonal circulation between the BTH region an&Vestern Pacific ;i.e.,
g
11 4]

" torvagy 30 [,
240 ascending motion/ over t% land and descending motion} over )Ke seay the mean state over this region m—tsae bsoreal winter 45»

(ascending motiong over the relatively warm sea and descending motior)g over the relatively cold land, see F igurg S2), vehtetr

AUN-\TA PO T TP
acted as an important water vapor path (Figure 8b). 'Fheéasterly winds in the lower troposphere triggered by the AANA brought

WA 19 5 XV] g
humid asd=wearm air to the BTH r io& in higher RH in the lower (900-1000 hPa) atmosphere. This effect could
?Wi%c ews?

accelerate the growth of fine Rarticles and lead to a sharp increase in PM» s concentration. Higher RH near the surface also
A
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restrained evaporation, which restricted the?levelopment of turbulence (Betts, 1997). Consequently,4ke anomalous ascent was

W S—

weak near the surface relatlve to the anomalies in the lower and middle troposphere. Weak updrafts near the surface ecatdmot

sptrsto n OF
Jnale the p ollutants Jigperss in the vertical direction (Sun et al., 2017; Yin and Wang, 2018). Moreover, the aforementioned

al%o (S ogavat
temperature inversion layer could-dead.te» weaker turbulence, Whiclx.di&emged the ascending motion in lower levels feo#

Qok-okr

connecting with <e=-ai&~# upper levels. During non-haze events, the thermally direct vertical circulation (i.e., ascending

was evrdint tn fe tegion

mot1ot‘ver e sea and descendlng motloryﬁ over ¢he land) eewlet

w-h.whpollutants an ater Vapor were tramspotted to the ocean. The resulting drier atmosphere over the BTH region restrated:
the growth of fine particles. In brief, the thermally indirect circulation between land and sea modulated by the AANA provided
a persistent source of water vapor for severe haze, and the resulting higher RH weakened the turbulence. These effects might
explain why severe haze tended to last for a long time.
L XY
Composied
We further investigated the evolutionss#eeesses of the AANA?‘ on severe haze/non-haze episodes to provide a basis for air
o~
quality forecasting. Before severe haze episodes, Northeast Asia was mainly occupied byA cyclonic circulation, which h&éfhe
Weokned Atopdantial el
4cndenevafmeakensg over time (Figure 10a—c). This effect was caused by the strengthening of posﬁw&;\anomahes over Lake
Baikal. The eastward propagation of positive anomalies over Lake Baikal was a precursoﬂ/ signal of severe haze. On the first
day of severe haze, the AANA was relatively typical are strong at &e mid-levels’with anomalous ascending motiong’ over the
BTH region and anomalous southeasterly winds near the surface (Figure 10d). These anomalies regulated the synoptic-scale
environment's{ and provided favorable conditions for the formation of severe haze. The AANA moved to the east continually
after the first day of severe haze (Figure 10e-f). Three days after severe Eaze the AANA was replaced by a cyclonic circulation
e eier senct, MoK, 7

and haze pollution tended to dissipate (Figure 10g). The rebuifdimy 6f a cyclonic circulation over the BTH region represented
the end of severﬁ e. For #ke non-haze episodes, the AANA remalnii strong and moved slowly before the non-haze day
(Figure 10h-j). ¥ew cyclonesﬁgeveloped/wlﬁeh were mainly located sa-thre higldatitudgafea. The switch from an anticyclonic
circulation to a cyclonic system occurred a day before the non-haze day, swdieh=ras associated withgpelas cold air entering dnto~

PEES VRV N
the BTH I‘egiOIk On the first non-haze day, a cyclonic circulation developed over Northeast Asia (Figure 10k). "Fhep‘nomalous

W ore bor- efdunt

descending motion over the BTH region and ##€ northerly wind near the surface cewt-se=ertfred. One day after the non-haze

day, threr anomalous descending motions were enhanced #h the development of the cyclonic circulation (Figure 101).

Sabsequeﬁﬂyyﬁe cyclonic circulatior}\moved eastwar(Sby the positive anomaly over Lake Baikal (Figure 10n). In brief, the
A T

emergence and development of severe haze (non-haze) was matched by the movement;\ of the AANA. Thus, the AANA could

be an effective forecast indicator for air quality.

4. Conclusions and discussions

Grown bt rMare

Severe haze in the BTH region has become more serious andapersistent in recent years, which has wreaked havoc on



275 society and economy. Basing on the PM, s concentration data collected from the air quality measurement network in China,
this research focused on severe haze episodes over the BTH region during the months of December in the years 2014-2016.
Non-haze episodes were also taken into account as a comparison. The associated atmospheric circulations and the structure of
the AANA were analyzed. The results indicated that the AANA was closely related to weaker surface winds, a stronger
temperature inversion, a shallower boundary layer, and higher RH in the BTH region, which were of importance in the

280 formation of severe haze. The AANA motivated southeasterly winds in the lower troposphere, gathering pollutants and
moisture to the BTH region. Strong southeasterly winds also generate(i:emperature inversion through warm advection, which
strengthened the stability oilower atmosphere. As a synoptic-scale system, the AANA was accompanied by anomalous vertical

vensy QC“ mevr4ions
motiop{ in the surrounding areas. This weakened the local meridional circulation and the invesiens-of cold and dry air from

'mwb: ted 7

higher levels. Meanwhile, the anomalous vertical motion restrained the downward transport of momentum and resulted in

in Yorw Stk
285 lower surface wind speeds, weaker turbulence and a shallower boundary layer, which wrere=ht f pollutant

. dispersion. The AANA also modulated a thermally indirect circulation between land and sea, which acted as+te-met moisture
ido He rgqievt

path. Abundant moisture promoted the growth of haze particles/ and higher RH weakened turbulence. These factors 'provided

wr Hares

favorable conditions for the emergence and development of severe haze. The evolution peeeesses of the AANA ea severe

V ?
haze/non-haze episodes wete also discussed. "Fhe?)ositive anomalies in Lake Baikal stretched eastward coatinuousky before

ol

. A Wnanrenansy
Wes " oo _ owrdh Yoty n&ém y .
290 th€ AANA eeenpitd Northeast Asia, ahish-sizas a precursdpesignal ef severe haze. In contrast, a transition from anticyclonic

wile \ond indrodocfon?
circulation to cyclonic circulation occurred—e-dﬂ-y-bsfesme non-haze day} resulting in the rapid movement of polar cold air.
S A Fsayrman

widy

It is weH acknowledged that the fine PM is the main cause of severe haze in China (Wang et al., 2016; Cai et al., 2017).

“«A

concentrationsoeig represent the characteristics of haze pollution bettes. Thus, the severe and non-haze events analyzed in this
(dendiCred
t He

295 research were soxtedoué according to PMy.s concentration, while #he visibility data were included to draw«a comparisorgwith

Compared with R/lsibility used in previous researches»(Chen and Wang, 2015; Yin et al., 2015a; Yin et al., 2015b), #rePM 5

o o Promole,
previous researches. The basic results that itronger AANA, corresponding to a weaker EAWM, eoeuﬂd&to severe haze by

generating weaker surface winds, a stronger temperature inversion and higher RH avese in agreement with previous findings

“ndices

(Yin et al., 2015a; Yin and Wang, 2017b). Strong correlations between AANA indexes and visibility also existeé (Table 3 and

7
table 5). In addition, this study o%ie;qd fovel insights into the formation of severe haze in the BTH region. Our analysis
O N
webs

W
300  demonstratey the dynamic mechanism ‘(&how the AANA affected severe haze in the BTH region. The AANA not only

motivated southeasterly winds near the surface but also meduteted~anomalous vertical motiong. These synoptic-scale

were conducive Yo

environments led to eeaduciue local meteorological conditions forsevere haze, including weaker surface winds, a stronger

&

temperature inversion, a shallower boundary layer and higher RH. The situation in December 2017 backed up our conclusions.

n e piddie Mv’?m

Even though the haze events were not as serious as those in previous years, the AANA could be detected atthrermd-tewel when

305 severe haze occurred (Figure 11a). BTH region was occupied by anomalous southerly winds near the surface and anomalous
A
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ascending motion} i upper levels. The strong cyclonic circulation over Northeast Asia might explain why the haze pollution

was less severe in December 2017 (Figure llb) LﬂAh&d\lﬁé&éWWhe relatlonshlp between the AANA and severe haze in

adilton¥yesss,

the BTH region expressed different featuresAbut remained strong. |n 2({14 2016 and 2017, ¢he SPCCs between she PM> 5
r

concentratior§and AANAIzso0 were 0.81, 0.79 and 0.73, respectively, all passing the 99% confidence level (Table 4). These
results indicated that the AANA could play an important role in the formation of severe haze over the BTH region in 2014,
2016 and 2017. However, the SPCC between the PM» s concentration and the AANAIzsoo was 0.53 in 2015, m to
pass the confidence test?&‘r‘ni.g‘lﬁ?)%smmm influence of ENSO on the mid-tropospheric circulation. Although the
AANA was not evident in the mid-level, it still emerged in the lower troposphere and had an impact on severe haze. The SPCC
between the PM, 5 concentration and AANA{Vsso (AANAIlws00) was -0.61 (-0.66), exceeding the 95% confidence level (Table
4). In addition, there were some differencesg\n how the AANA affected severe haze. In 2014, the AANA strengthened the
severe haze mainly by enhancing TIP anomalies and surface RH, whose SPC(gwith the AANAIzso0 were 0.62 and 0.57,
respectively (Table 5). The AANA eerrttt promoted weaker surface winds, higher surface RH and a shallower boundary layer
in 2015. The SPCCs between the AANALI ygso and surface wind speed, surface RH and ERA PBLH anomalies were 0.74,-0.70
and 0.64, respectively (Table 5). Similar situatiorgee%%’e detected in 2016 and 2017 (Table 5). These results prove¢that the
AANA indexes could capture the relationship between severe haze in the BTH region and the synoptic-scale environment;. It
is worth noting that the tendency for ERA-Interim to underestimate PBLH (von Engeln and Teixeira, 2013) may be less of an

issue during winter over North China (Guo et al, 2016). We have further calculated 4e SPCCs between i?ANA ndexes and

L)
indicote
FNL PBLH (Table 5), which confirmed that our conclusions are not dependent on the reanalysis dataset. Higher RH over the

P

BTH region could be verified in upper levels (200-300 hPa; Figure 8b) because evaporated water vapor over the ocean could

{ dord
Ser, Hee

(AN -7y 2

be transported to the air over the land by anomalous easterly flows. Further research remains necessary to explore how higher ! st ..

Mida il w\?as': tr

RH in upper levels affects severe haze. The evolution-preeesses of the AANAwen severe haze/non-haze episodes illustrated
= A

that the intensity of the AANA could play an important role in the emergence and dissipation of severe haze. However, the

severe haze/non-haze events analyzed in this study were limited to the months of December in the years 2014-2016. Further

analysis containing more sample data is required to confirm whether the three AANA indexes we defined in this study could

. A (X)
be reliable forecast indicators. to&& “Oy\é W N&\D} eon &‘ bowns
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Figure and table Captions:

Table 1. The timetable of 14 severe haze and 12 non-haze episodes. Note that the severe haze episodes are marked by gray

shading. The unit of the PM> s concentration is pg - m™3. The start time and end time are all in Beijing local time.

Table 2. The SPCCs between the mean PM> s concentration over the BTH region and key meteorological indexes. All the
SPCCs exceeded the 99% confidence level. The visibility, surface wind speed and surface relative humidity (RH) were based
on the observation data and calculated as the mean over the BTH region. The temperature inversion potential (TIP, defined as
Tgs0-T1000) anomalies were calculated as the mean over the BTH region and with respect to the 1979-2010 climatology. The
planetary boundary layer height (PBLH) anomalies were calculated as the mean over the BTH region and with respect to the
1979-2010 climatology. The synoptic process correlation coefficients (SPCCs) were calculated basing on the SPM data, which
were rebuilt by averaging the mean PM> 5 concentration, all the meteorological data and the AANA indexes during each severe

haze (14), non-haze (12) and non-severe haze (24) process. The sample size was 50.

Table 3. The SPCCs between AANAIlzs00 (AANAlysso, AANAlwsoo) and regional meteorological indexes. “* represents that
the SPCC exceeded the 95% confidence level, and “*” represents that the SPCC exceeded the 99% confidence level. The
synoptic process correlation coefficients (SPCCs) were calculated basing on the SPM data, which were rebuilt by averaging
all the meteorological data and the AANA indexes during each severe haze (14), non-haze (12) and non-severe haze (24)

process. The sample size was 50.

Table 4. The SPCCs between the mean PM» s concentration over the BTH region and key indexes in December 2014,
December 2015, December 2016 and December 2017. ““” represents that the SPCC exceeded the 95% confidence level, and
«**> represents that the SPCC exceeded the 99% confidence level. The synoptic process correlation coefficients (SPCCs) were
calculated basing on the SPM data, which were rebuilt by averaging the mean PM» s concentration, all the meteorological data
and the AANA indexes during each severe haze, non-haze and non-severe haze process. The sample sizes in 2014, 2015, 2016

and 2017 were 18, 14, 18 and 15, respectively. Note that the PBLH from the FNL data is available only after 2015.

Table 5. The SPCCs between AANAIzsoo (AANATIrgso, AANAlwsoo) and regional meteorological indexes in December 2014,
December 2015, December 2016 and December 2017. “*” represents that the SPCC exceeded the 95% confidence level, and

represents that the SPCC exceeded the 99% confidence level. The synoptic process correlation coefficients (SPCCs) were

calculated basing on the SPM data, which were rebuilt by averaging all the meteorological data and the AANA indexes during
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each severe haze, non-haze and non-severe haze process. The sample sizes in 2014, 2015, 2016 and 2017 were 18, 14, 18 and
15, respectively. Note that the PBLH from the FNL data is available only after 2015.

Figure 1. The six-hour variation of mean PM, s concentration over the BTH region (units: pg-m~™3) in December 2014,
December 2015 and December 2016. The time series (concentrations) corresponding to the red/blue lines represent the

occurrence time (threshold values) of severe haze/non-haze episodes, respectively.

Figure 2. Composite distribution of the atmospheric circulation anomalies on severe haze/non-haze episodes. The anomalies
here were calculated with respect to the 1979-2010 climatology. The green (white) box indicates the BTH region (area covered
by AANAIlzs00). (a) Zsoo (shading, units: m? - s72) and Ungo (contour, units: m - s~1) on severe haze episodes; the white dots
indicate that the Zsoo anomalies exceeded the 95% confidence level. (b) SLP (shading, units: hPa) and SAT (contour, units: K)
on severe haze episodes; the white dots indicate that the SLP anomalies exceeded the 95% confidence level. (c) Zsoo (shading,
units: m? - s72) and U (contour, units: m-s~1) on non-haze episodes; the white dots indicate that the Zsoo anomalies
exceeded the 95% confidence level. (d) SLP (shading, units: hPa) and SAT (contour, units: K) on non-haze episodes; the white

dots indicate that the SLP anomalies exceeded the 95% confidence level.

Figure 3. Composite distribution of local atmospheric circulation anomalies on severe haze/non-haze episodes. The anomalies
here were calculated with respect to the 1979-2010 climatology. The green (black) box indicates the BTH region (area covered
by AANAIsso). (a) Fsso (arrow, units: m - s~1), PBLH (contour, units: m) and temperature inversion potential (Tsso-T 1000,
shading, units: K) on severe haze episodes; the bold black contours plotted represent the PBLH anomaly was lower than -
200m; the white dots indicate that the temperature inversion potential anomalies exceeded the 95% confidence level. (b)
Surface wind (arrow, units: m - s~1) and surface RH (shading, units: %) on severe haze episodes; the white dots indicate that
the surface RH anomalies exceeded the 95% confidence level. (c) Fsso (arrow, units: m - s~1), PBLH (contour, units: m) and
temperature inversion potential (Tsso-T 1000, shading, units: K) on non-haze episodes; the bold black contours plotted represent
the PBLH anomaly was greater than 200m; the white dots indicate that the temperature inversion potential anomalies exceeded
the 95% confidence level. (d) Surface wind (arrow, units: m - s~*) and surface RH (shading, units: %) on non-haze episodes;

the white dots indicate that the surface RH anomalies exceeded the 95% confidence level.

Figure 4. The six-hour variation of PM»s concentration, surface wind speed, surface RH, and TIP in December 2014,
December 2015 and December 2016. The data were processed by min-max normalization. The time series corresponding to
red/blue shading represent the occurrence time of severe haze/non-haze episodes. Note that every red/blue shading represents
a synoptic process of severe haze/non-haze. The processes between severe haze and non-haze were defined as non-severe haze
processes to represent the normal situation. The synoptic process mean (SPM) data were rebuilt by averaging the PM; s

concentration and all the meteorological data during each process.

Figure 5. The six-hour variation of PM,s concentration, AANAIzs00, AANAIygso, and AANAlwsoo in December 2014,
December 2015 and December 2016. The time series corresponding to red/blue shading represent the occurrence time of severe
haze/non-haze episodes. Note that every red/blue shading represents a synoptic process of severe haze/non-haze. The processes
between severe haze and non-haze were defined as non-severe haze processes to represent the normal situation. The synoptic
process mean (SPM) data were rebuilt by averaging the mean PM,s concentration and all the AANA indexes during each

process.

Figure 6. Structure of the AANA in the mid-levels: Zsoo (contour, units: m? - s™2) and wsoo (shading, units: Pa -s™1). The
anomalies here were calculated with respect to the 1979-2010 climatology. The green (gray) box indicates the BTH region
(area covered by AANAlwso0). (a) severe haze episodes, (b) non-haze episodes. The white dots indicate that the @wso anomalies

exceeded the 95% confidence level.

Figure 7. The differences of temperature changes (units: 1075K - s™1) between severe haze and non-haze events over the
BTH region. “Day+0” refers to the first day of severe haze and non-haze events. “Day-1" refers to one day before the first day

of severe haze and non-haze events. Day+1 refers to one day after the first day of severe haze and non-haze events. The black
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line represents the local temperature changes (i.e., a_:)' The red line represents the horizontal temperature advection (i.e., —V -

KT 0T

VT). The blue line represents the combined effect of adiabatic compression and vertical advection (i.e., (7 —5)0),

K = R/C, = 0.286; Wallace and Hobbs, 2006). The purple line represents the effect of diabatic heating process (i.e., é, J

represents diabatic heating rate; this term was obtained through residual calculation) “(©” indicates that the differences of the
term between severe haze and non-haze exceeded the 95% confidence level.

Figure 8. Vertical circulation on severe haze/non-haze episodes (composite anomalies): (a) meridional circulation averaged
over the AANA (115°-125°E) on severe haze episodes (vertical velocity, shading, units: Pa-s™1; the vectors represent the
vertical and meridional components); the white dots indicate that the vertical velocity anomalies exceeded the 95% confidence
level. (b) zonal-vertical circulation averaged over the AANA (30°-40°N) on severe haze episodes (vertical velocity, shading,
units: Pa - s™1; the vectors represent the vertical and zonal components) and RH anomalies (contour, units: %); the white dots
indicate that the RH anomalies exceeded the 95% confidence level. (¢) meridional circulation averaged over the AANA (115°-
125°E) on non-haze episodes (vertical velocity, shading, units: Pa - s™%; the vectors represent the vertical and meridional
components); the white dots indicate that the vertical velocity anomalies exceeded the 95% confidence level. (d) zonal-vertical
circulation averaged over the AANA (30°-40°N) on non-haze episodes (vertical velocity, shading, units: Pa - s~1; the vectors
represent the vertical and zonal components) and RH (contour, units: %); the white dots indicate that the RH anomalies
exceeded the 95% confidence level. The anomalies here were calculated with respect to the 1979-2010 climatology. To make

the horizontal velocity and the vertical velocity in the same order, the vertical velocity (omega) here was magnified 100 times.

Figure 9. Vertical circulation on severe haze/non-haze episodes (composite synoptic processes): (a) meridional circulation
averaged over the BTH region (114°-120°E) on severe haze episodes (vertical velocity, shading, units: Pa - s~1; the vectors
represent the vertical and meridional components); the white dots indicate that vertical velocity exceeded the 95% confidence
level. (b) zonal-vertical circulation (36°-42°N mean) on severe haze episodes (the vectors represent the vertical and zonal
components) and the vertical transport of westerly momentum (shading, units: 10~°m - s72); the white dots indicate that the
vertical transport of westerly momentum exceeded the 95% confidence level. (¢) meridional circulation averaged over the
BTH region (114°-120°E) on non-haze episodes (vertical velocity, shading, units: Pa - s~1; the vectors represent the vertical
and meridional components); the white dots indicate that vertical velocity exceeded the 95% confidence level. (d) zonal-
vertical circulation (36°-42°N mean) on non-haze episodes (the vectors represent the vertical and zonal components) and the
vertical transport of westerly momentum (shading, units: 10™°m - s™2); the white dots indicate that the vertical transport of
westerly momentum exceeded the 95% confidence level. To make the horizontal velocity and the vertical velocity in the same

order, the vertical velocity (omega) here was magnified 100 times.

Figure 10. Evolution of the AANA on severe haze episodes (a-g) and non-haze episodes (h-n): Zsoo (contour, units: m? - s™2),
Visso (arrow, units: m - s™1) and wsoo (shading, units: Pa - s™1). The anomalies here were calculated with respect to the 1979-
2010 climatology. Severe haze/non-haze day+0 refers to the first day of severe haze/non-haze. Severe haze (non-haze) day-3,
severe haze (non-haze) day-2, and severe haze (non-haze) day-1 refer to three, two, and one day(s) before the first day of
severe haze (non-haze), respectively. Severe haze (non-haze) day+1, severe haze (non-haze) day+2, and severe haze (non-
haze) day+3 refer to one, two, and three day(s) after the first day of severe haze (non-haze), respectively. The green box
indicates the BTH region. The white, black and gray boxes indicate the area covered by AANAIzso0 AANAlysso and AAN Alwsoo,

respectively.

Figure 11. Structure of the AANA on (a) severe haze episodes and (b) non-haze episodes in December 2017: Zsqoo (contour,
units: m? - s72), Vgso (arrow, units: m - s™1) and wseo (shading, units: Pa - s™1). The anomalies here were calculated with
respect to the 1979-2010 climatology. The green box indicates the BTH region. The white, black and gray boxes indicate the
area covered by AANAIzso0 AANAIgso and AANAlwsoo, respectively.



Table 1. The timetable of 14 severe haze and 12 non-haze episodes. I\bt&-thaﬂ‘lre severe haze episodes are marked by gray

»

k)
shading. The unit of the PM, 5 concentration is pg @‘3. The start time and end time are aH in Beijing local time.

. . Mean . . Mean
Year  Starttime  End time ) Start time  End time .
concentration concentration

2014 5th 149

15t08% 36.69

19t 20% 215t 20%

31.62

10m20% 13 140

15t 14 170 14% 3332 315020 31620 28.21

2015 2nd 140 4th 2()00 26.37 271 (2% 270 20%  32.55

15t 08% 171 14% 2374

5t 1400 5th 2000 44.17 231 8% 231 14% 3975

2016

gth 200 9th 20% 37.24

13th]4% 141 14%  40.82




Table 2. The SPCCs between the mean PM> s concentration over the BTH region and key meteorological indexes. All the
[V
540 SPCCs exceeded the 99% confidence level. Tlhe\lisibility, surface wind speed and surface relative humidity (RH) were based

gbgrvc¢
on the observation data and calculated as the mean over the BTH region. keftemperature inversion potential (TIP, defined as
AP asmsnart”

_ onomalies , .
Tgso-T1000) anomalies were calculated as ghe mean over the BTH region and.with respect to the 1979-2010 climatology. Hae-
¢

onomal it g
%lanetary boundary layer height (PBLH) anomalies were calculated as ¥he mean over the BTH region aae¢ with respect to the

loesed
1979-2010 climatology. FreSynoptic process correlation coefficients (SPCCs) were calculated basirg on thhe SPM data, wihiehe
iﬂd&'a.é
545 wereLebuidt by averaging she mean PM s concentratior$, all e meteorological data and the AANA indexes during each severe

tatod

haze (14), non-haze (12) and non-severe haze (24) process. Thi sample size was 50.

ERA
AANA AANA  AANAl, o Surface Surface TIP
Index Visibility ) . PBLH
Izs00 Ivgso 500 wind speed RH anomalies .
anomalies
SPCC 0.64 -0.64 -0.70 -0.83 -0.42 0.72 0.56 -0.60

ndices }\nasWSK ndicodes
Table 3. ®re SPCCs between AANAIzs00 (AANAIysso, AANAIwsoo) and regional meteorological indexes.ﬂ“*” wepresents that

& dovbe aglesi$ K

550 the SPCC exceeded the 95% confidence 1evel, andA“**” wpresents that the SPCC exceeded the 99% confidence level. #he~
§yn0ptic process correlation coefficients (SPCCs) were calculated basing ondhe SPM data,MMby averaging
) —~—caece®

w
all the” meteorological data and +he AANA indexes during each severe haze (14), non-haze (12) and non-severe haze (24)

process. Thisample size was 50.

o . ) ERA PBLH
SPCC Visibility Surface wind speed Surface RH TIP anomalies .
anomalies
AANAlzs00 -0.71" -0.38" 0.73" 0.58" -0.50™
AANAIzso 0.59™ 0.25 -0.56™ -0.41™ 0.40™
AANAlwsoo 0.51™ 0.11 -0.50™ -0.30" 0.22

555



December 2015, December 2016 and December 2017

\J

M oshoek (dicoles

inge)ges in December 2014,
L e aauannd

560  Table 4. 4he SPCCs between the mean PM, s concentration over the BTH region and key

..:‘*” represents that the SPCC exceeded the 95% confidence levell and &

“ rgpresengs that the SPCC exceeded the 99% confidence level. %ynoptic process correlation coefficients (SPCCs) were

oo gol.. aggregabed | | |
calculated basing on the SPM data, It by averaging the mean PM, 5 concentratiof® all the meteorological data

[}
and the AANA indexes during each severe haze, non-haze and non-severe haze process. The sample sizes in 2014, 2015, 2016

- etimales b orconly
565 and 2017 were 18, 14, 18 and 15, respectively. Note that ¢ae PBLI—kfrom the FNL data is available ealy after 2015.
N
ERA
AANA AANA AANA L Surface Surface TIP FNL
SPCC Visibility . . PBLH
Ts00 Igs0 Twsoo wind speed RH anomalies . PBLH
anomalies
2014 0.81" -0.72™ -0.77" -0.76™ -0.36 0.75™ 0.69™ -0.65™
2015 0.53 -0.61" -0.66" -0.94™ -0.53" 0.92™ 0.37 -0.63" -0.72*
2016 0.79™ -0.62™ -0.70™ -0.9" -0.52" 0.87" 0.80™ -0.63* -0.70™
2017 0.73* -0.33 -0.58" -0.89™ -0.68™ -0.86™ 0.68™ -0.73* -0.68™

Table 5. Hre SPCCs between AANAIzso0 (AANAIygsg, AANAlwsoo) and regional meteorologica
osherts K {nddeades

ke

; s
lly_(j_ggggs in December 2014,

December 2015, December 2016 and December 2017.'\“*” represents that the SPCC exceeded the 95% confidence levelgand

G.
[

doddt asteriek
«“** cepteseats that the SPCC exceeded the 99% confidence level. Iheiynoptic process correlation coefficients (SPCCs) were
¢

\ocsadon
calculated basirg-an the SPM data,

ofgreaded . . whips
by averaging all $hs meteorological data and éhe AANA indexes during

arauTeIre

570 each severe haze, non-haze and non-severe haze process. The sample sizes in 2014, 2015, 2016 and 2017 were 18, 14, 18 and

15, respectively. Note thatetie PBLI}\ from the FNL éata is available only after 2015.

Year SPCC Visibility Surface Surface TIP anomalies ERA PB_LH FNL PBLH
wind speed RH anomalies
AANAIzs00 -0.64" -0.10 0.57" 0.62" -0.39
2014 AANAlzso 0.35 -0.09 -0.38 -0.27 0.22
AANAlwsoo 0.46 -0.01 -0.45 -0.45 0.27
AANAIzs00 -0.66" -0.68" 0.64" 0.07 -0.46 -0.65"
2015 AANAlzso 0.75™ 0.74™ -0.70™ -0.22 0.64" 0.72™
AANAlwsoo 0.67" 0.35 -0.79" -0.24 0.28 0.46
AANAIzs00 -0.70™ -0.46 0.69" 0.67" -0.53" -0.56"
2016 AANAIygso 0.69™ 0.46 -0.60" -0.56" 0.47 0.60™
AANAlwsoo 0.64™ 0.26 -0.80™ -0.45 0.20 0.55"
AANAIzs00 -0.74™ -0.57" 0.65™ 0.72* -0.66™ -0.59"
2017 AANAIygso 0.17 0.03 0.01 0.16 0.12 0.05
AANAlwso0 0.48 0.40 -0.39 -0.41 0.62° 0.58"
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Figure 2. Composite distribution of ¢he atmospheric circulation anomalies on severe haze/non-haze episodes. 'F'thnomalies
Irer® were calculated with respect to the 1979-2010 climatology. The green (white) box indicates the BTH region é‘fea
covered by AANAIzso0). (a) Zsoo (shading, units: fk? - s72) and Uago (contour, units: m - s~1) on severe haze episodes? the
white dots indicate that $he Zsoo anomalies exceeded the 95% confidence level. (b) SLP (shading, units: hPa) and SAT
(contour, units: K) on severe haze episodes; the white dots indicate that<tre SLP anomalies exceeded the 95% confidence
level. (¢) Zsoo (shading, uni‘[s:d@2 -572) and U (contour, units: m - s~1) on non-haze episodes; the white dots indicate
that<#e Zsoo anomalies exceeded the 95% confidence level. (d) SLP (shading, units: hPa) and SAT (contour, units: K) on

non-hazg episodes; the white dots indicate that ¢he SLP anomalies exceeded the 95% confidence level.
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Figure 3. Composite distribution of local atmospheric circulation anomalies on severe haze/non-haze episodes. J+he

omalies lese were calculated with respect to the 1979-2010 climatology. The green (black) box indicates the BTH region

%area covered by AANAIzso). (a) Vsso (arrow, units: m - s~1), PBLH (contour, un‘its& 1}2 apd timpﬁrature inversion potential
I; ! $

(Ts50-T1000,,shading, units: K) on severe haze episodes; the bold black contours the PBLH g@emaly was
Wt M&ioo w 800w PPt o . . . . 0
lower than -20(m; the white dots indicate that the temperature inversion potential anomalies exceeded the 95% confidence
et

level. (b) Surface wind (arrow, units: m - s~1) and surface RH (shading, units: %) on severe haze episodes; #re white dots
indicate that the surface RH anomalies exceeded the 95% confidence level. (c) Vsso (arrow, units: m - s~1), PBLH (contour,
units: m) and temperature inversion potential (Tsso-T 1000, shading, units: K) on non-haze episodes; the bold black contours
plotted represent the PBLH anomaly was greater than 200m; the white dots indicate that the temperature inversion potential
anomalies exceeded the 95% confidence level. (d) Surface wind (arrow, units: m - s™1) and surface RH (shading, units: %)

on non-haze episodes; the white dots indicate that the surface RH anomalies exceeded the 95% confidence level.
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The white dots indicate that ¢he wso anomalies exceeded the 95% confidence level.
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Figure 7. ’H*r&lfferences of temperature changes (uﬁlts: 1075K - s™1) between severe haze and non-haze events over the
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BTH region. “Day+0” refers to the first day of severe haze and non-haze events. “Day-1" refers to one day before the first

day of severe haze and non-haze events. Day+1 refers to one day after the first day of severe haze and non-haze events. The
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black line represents #he local temperature changes (i.c., a—:). The red line represents #ke horizontal temperature advection
(i.e., =V -VT). The blue line represents the combined effecgof adiabatic compression and vertical advection (i.e., (K?T -

Z—i)w, k = R/C, = 0.286; Wallace and Hobbs, 2006). The purple line represents the effect of diabatic heating preeess (i.e.,

06 A
CL, J represents diabatic heating rate; this term was obtained heweh residual salemtatton) “(X)” indicates that #re differences
p

s e
otthe-tesmrbetween severe haze and non—haZAexceeded the 95% confidence level.gd M
A



200

(a) severe haze (b) severe haze

200 O ar A T v S S
M~
>
9o ao P S B /frr/' Pas s
-
300 0.08 0.08
0.06 0.06
P B . - -
0.04 0.04
400 0.02 0.02
£ ox . e [ TN Y 0 o
500 —0.02 ~0.02
oo N - A
600 —=0.04 —=0.04
Y. . j L s s ar L {H-0.06 -0.06
700 , —0.08 —0.08
scoc oo 5
800+ ~ & v = <« 2 .
iy e T i, P . - R T
o -~ Vi LR
900 INLIAA L LS WErEE &Y. .
1000 - ; + 1000
T5°N 30°N 45°N 60°N
10
(c) non—haze
200 — 200
Frett.. e e
300 300 0.08
] 0.06
o A N v B
] 0.04
400 4001 0.02
BCRS e ] 0
500 A 500 0.02
2 Y- e o e
500 600 —0.04
P rd e e . -0.06
700 . A 7001 _0.08
Cal ol a7 9
800 te . — == N 800
Y . . / AV
900 O L B . W97 - 900 -
SN, . A S A S
10004 ‘ ‘ 1000

15°N 30°N 45°N 60°N

doe!
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averaged over the AANA (115°-125°E) on severe haze episodes (vertical velocity, shading, units: Pa -s™1; the

Figure 8.

vectors represent the vertical and meridional components); the white dots indicate that ke vertical velocity
anomalies exceeded the 95% confidence level. (b)éonal-vertical circulation averaged over the AANA (30°-40°N)
on severe haze episodes (vertical velocity, shading, units: Pa - s™!; the vectors represent the vertical and zonal
components) and RH anomalies (contour, units: %); the white dots indicate that the RH anomalies exceeded the
95% confidence level. (¢) meridional circulation averaged over the AANA (115°-125°E) on non-haze episodes
(vertical velocity, shading, units: Pa-s™1; the vectors represent the vertical and meridional components); the
white dots indicate that the vertical velocity anomalies exceeded the 95% confidence level. (d) zonal-vertical
circulation averaged over the AANA (30°-40°N) on non-haze episodes (vertical velocity, shading, units: Pa-s™%;
the vectors represent the vertical and zonal components) and RH (contour, units: %); the white dots indicate that
the RH anomalies exceeded the 95% confidence level. The anomalies here were calculated with regpect to, th
1979-2010 climatology. To make the horizontal velocity and the vertical velocityssthe same order, the vertical
velocity (omega) eseswas magnified 100 times. ‘
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Figure 9. Certical circulation%is'a/ere haze/non-haze episodes (composite synoptic processes): (a) meridional
circulation averaged over the BTH region (114°-120°E) on severe haze episodes (vertical velocity, shading, units:

Pa - s™1; ther vectors represent the vertical and meridional components); the white dots indicate that vertical
velocity exceeded the 95% confidence level. (b)@onal-vertical circulation (36°-42°N mean) on severe haze
episodes (the vectors represent the vertical and zonal components) and the vertical transport of westerly
momentum (shading, units: 10™°m-s72); the white dots indicate that the vertical transport of westerly

momentum exceeded the 95% confidence level. (¢) meridional circulation averaged over the BTH region (114°-

120°E) on non-haze episodes (vertical velocity, shading, units: Pa -s™!; the vectors represent the vertical and
meridional components); the white dots indicate that vertical velocity exceeded the 95% confidence level. (d)
zonal-vertical circulation (36°-42°N mean) on non-haze episodes (the vectors represent the vertical and zonal

components) and the vertical transport of westerly momentum (shading, units: 10™°m - s™2); the white dots

indicate that the®vertical transport of westerly momentum xceeded Q}e ES% confidence level. To make the
horizontal velocity and the vertical velocity +# the same ordef, the V?I’tlca velocity (omega) hese=weasemagnified
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Figure 10. Evolution of the AANA on severe haze episodes (a-g) and non-haze episodes (h-n): Zso (contour,
units: -572), Vsso (arrow, units: m-s™1) and wse (shading, units: Pa-s™1). nomalies=ere=were
calculated with respect to the 1979-2010 climatology. Severe haze/non-haze day+0 refers to the first day of severe
haze/non-haze. Severe haze (non-haze) day-3, severe haze (non-haze) day-2, and severe haze (non-haze) day-1
refer to three, two, and one day(s) before the first day of severe haze (non-haze), respectively. Severe haze (non-
haze) day+1, severe haze (non-haze) day+2, and severe haze (non-haze) day+3 refer to one, two, and three day(s)
after the first day of severe haze (non-haze), respectively. The green box indicates the BTH region. The white,

black and gray boxes indicate the arescovered by AANAIzso(';) AANAIgso and AANAIwso, respectively.
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Figure 11. Structure of the AANA on (a) severe haze episodes and (b) non-haze episodes in December 2017: Zsoo (contour,
units; - 572), Vgso (arrow, units: m - s~ 1) and wseo (shading, units: Pa-s™1). Th%nomalies hecg were calculated with
respect to the 1979-2010 climatology. The green box indicates the BTH region. The white, black and gray boxes indicate
the arefycovered by AANAIzso(SAANAIv/sso and AANAIws00, respectively.
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Figure S1. The 1979-2010 climatology of the local meridional circulation (114°-120°E mean). Omega, shading, units:
Pa - s~1; wind, arrow, ome; mniﬁed 100 times, units: m - s~1. To make the horizontal velocity and the vertical velocity

< the same order, thmrtical velocity (omega) bhere.s magnified 100 times.
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Figure S2. The 1979-2010 climatology of the local zonal circulation (36°-42°E mean). Omega, shading, units: Pa - s
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same order the Vertlcal velocity (omega) bagg.ds magnified 100 times.
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