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Abstract. Haze pollution in the Beijing-Tianjin-Hebei (BTH) region has become increasingly more severe and persistent in 10 

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 conductive to severe haze 

(such as weaker surface winds, a stronger temperature inversion, a shallowerlower 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 15 

troposphere, which causedgenerating 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 temperature inversion layer. From the horizontal 

direction, strong southeasterly wind promoted the accumulation of pollutants and moisture while generating temperature 

inversion layer. As a synoptic-scale circulation,The the AANA was accompanied byalso induced anomalous verticalascending 20 

motions in the surrounding areas, over the BTH region, which broke weakened the local meridional circulation over the BTH 

region. The intrusions of the clean air from upper levels to the surface and the downward transportation of westerly momentum 

were suppressedThis restricted clean air from sinking to the surface and directly led to severe haze. The downward 

transportation of westerly momentum was also restrained, resulting in weaker surface northerly winds near the surface and a 

shallower boundary layer. The thermally indirect zonal circulation between the BTH region and western Pacific triggered by 25 

the AANA provided a persistentstable source of moisture to the BTH region, which strengthened the development of severe 

haze by promoting the growth of fine particles and weakening turbulence. The advance and retreat of the AANA wereoften 

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 

Haze is a weather phenomenon, which could restrict the visual range 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 the fine particulate matter (PM), which contains primary pollutants and sulfate or nitrate aerosols 35 

(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 the characteristics of long duration, large spatial extentwide 

range and serious pollution levels, which are detrimental to people's life and health (Hu et al., 2015; Wang et al., 2016). Notably, 

the number of haze days in the BTH region hasve increased, and the affected area has shown an interdecadal expanding trend 

(Zhang et al., 2015). To control the air pollution, the Chinese government promulgated the Air Pollution Prevention and Control 40 

Action Plan in 2013. So far, the atmospheric environment quality in the BTH region has improved to a certain extent, mainly 

forvia the reduction in SO2 and NO2 concentrations (“Formation Mechanism and Control Strategies of Haze in China” 

professional group, 2015). HHowever, the decline in PM2.5 concentration was not obvious, and,  the occurrence of severeand 

haze events still occurredin the BTH region witshowedh  strong inter-annual variationsincreasing frequency, especially in the 

winterthe winter (Chen and Wang, 2015; Yin and Wang, 2018). Previous studies have revealed that the strong inter-annual 45 

variation of December haze days is different 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 the instantaneous PM2.5 concentration reached up to 1000 μg ⋅ 𝑚−3  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 severe haze pollution processes were detected within 20 days, which 50 

triggered a broader discussion over their formation, 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; Liu et al., 2017; Tang et al., 2018). 

The basic reasoncause 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, 55 

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 haze days in eastern China (Wang et 60 

al., 2015; Yin and Wang, 2016). Haze pollution could be exacerbated under these preceding force factors through their impacts 

on atmospheric circulations and meteorological conditions. In addition, local meteorological conditions and the structure of 



boundary layer will vary with the change in the large-scale circulation conditions, which could affect the dispersion capability 

of atmosphere 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) 65 

(Zhang et al., 2014). Lower wind speed, higher relative humidity and stable atmospheric stratification are the main factors that 

are 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 thea 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 the anticyclonic anomalies in 70 

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 (EAWM) 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 as anticyclonic circulations in the anomaly field. Thus, to 

some extent, the AANA is a representative indicator of EAWM systems (Wang and Jiang, 2004). However, it is still unclear 75 

how such atmospheric anomalies affect the severe haze events. To better represent the intensity of the AANA and its physical 

mechanism on haze pollution, we defined AANAIZ500 (AANAIω500) and AANAIV850 according to the composite anomalies at 

500 hPa geopotential (vertical velocity) field and 850 hPa wind field on severe 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 recently developed, tThis study focused on the severe haze pollution in the BTH region during the months of 80 

December in the years 2014-2016the period of December 2014-2016, and explicated the characteristics of the AANA and its 

relationship with severe haze, while making comparison with non-haze episodes. The situation in December 2017 were 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 2014-2016in December 85 

2014-2016 were obtained from China Meteorological Administration, including visibility, surface wind speed and surface 

relative humidity (RH). Hourly PM2.5 concentration data fromof 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 velocityvertical wind 

(omega) from 200 hPa to 1000 hPa, temperature at 985025 hPa, 1000 hPa and the surface, surface dew point temperature, 90 

relative humidityRH 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 Weather Forecasts (ECMWF), with a 



horizontal resolution of 0.75°×0.75°.  The distribution data of surface relative humidityRH were calculated by the surface 

temperature and dew point temperature from the ERA-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 and Teixeira, 2013; Guo et 95 

al, 2016), the NCEP GDAS/FNL Global Surface Flux data were applied to make a comparison. The anomaly fields were 

calculated with respect to the mean climatology in December from 1979 to 2010. Considering of the strong diurnal variations 

of some meteorological factors, such as the PBLH, temperature and RH, the climatology here were calculated separately for 

02:00, 08:00, 14:00 and 20:00 in Beijing local time.  

Considering that national air quality stations over the BTH region are scarce and unevenly distributed, here we 100 

createdmade up  Thiessen polygons to calculate the weighted average of PM2.5 concentration and built the time series at 

intervals of six hours. Then, we selected the severe haze events (defined as PM2.5 concentration ≥150 μg ⋅ 𝑚−3; Cai et al., 

2017) and non-haze events (PM2.5 concentration ≤50  μg ⋅ 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 pollution progresses processes were not taken into account. Some meteorological factors might be 105 

closely related to haze pollution in a few cases but remained insignificant in others. In this way, the relationship between haze 

pollution and meteorological factors might be overemphasized. Meanwhile, some meteorological factors, such as the PBLH 

and RH, showed strong temporal variations, which might call their statistical relationship with haze pollution into question. 

Thus, neglecting the small time-scale disturbances within each synoptic-scale environment could help to obtain the physical 

insight (Lackmann, 2011). To better describe the relationships and mechanisms manifesting among different synoptic 110 

processeshaze pollution processes, new data called synoptic process mean (SPM) data were rebuilt. According to the PM2.5 

concentration, the synoptic-scale environmentssynoptic processes were divided into three groups: severe haze, non-haze and 

non-severe haze (i.e., PM2.5 concentration ⊆ ∈[50,150] μg ⋅ 𝑚−3 ). Two criteria were used to ensure each type of haze 

pollution process was typical and mutual independent: (1) a haze pollution process should have a minimum duration for at 

least 12 hours (i.e., two timesteps; a timestep represents 6 hours); (2) if any two haze pollution processes of the same type were 115 

detected within 24 hours (i.e., four timesteps), these two processes would be merged into one. The SPM data applied time 

averaging method to calculate the meanmean PM2.5 concentration and all the meteorological data during each processhaze 

pollution process. Based on the SPM data, the synoptic process correlation coefficients (SPCCs) were calculated in the units 

of synoptic processeshaze 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 the day-to-day and diurnal 120 

variationsstrong correlation inside each synoptic-scale environmentprocess. In addition, the vertical transport of westerly 

momentum was defined as 
𝜕𝑢𝜔

𝜕𝑃
 in this study (Zhong et al., 2010). 

𝜕𝑢𝜔

𝜕𝑃
< 0 represents the downward transport of westerly 

momentum, and 
𝜕𝑢𝜔

𝜕𝑃
> 0 represents the upward transport of westerly momentum (i.e., the downward transport was restricted).  



3. Results 

Figure 1 shows the six-hour variation of PM2.5 concentration over the BTH region in December 2014, December 2015 125 

and December 2016December 2014-2016. The monthly meanmean concentrations in 2014-2016 were 84.7  μg ⋅ 𝑚−3 , 

126.4 μg ⋅ 𝑚−3, and 128.1 μg ⋅ 𝑚−3, and the standard deviations were 55.4 μg ⋅ 𝑚−3, 79.1 μg ⋅ 𝑚−3, and 70.9 μg ⋅ 𝑚−3, 

respectively. These results demonstrated that haze pollutions in December wasere serious and fluctuated strongly. The first and 

third quartiles of the series were 54.0 μg ⋅ 𝑚−3  and 156.7 μg ⋅ 𝑚−3 , indicating that the threshold values of severe haze 

(150 μg ⋅ 𝑚−3) and non-haze (50 μg ⋅ 𝑚−3) events were reasonable. There were 148 severe haze and 1220 non-haze events 130 

in the months of December in the years 2014-2016in December 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 the dissipation processes varied in different years. The PM2.5 concentration decreased 

relatively quickly in 2014, while it remained at high concentration levels before decreasinglowering down in 2015 and 2016.  

Thus, severe haze had the tendency of becoming more persistent during the period of 2014-2016. Specific to the severe haze 135 

since 15 December 2016, most cities in the BTH region and the surrounding areas issued an air pollution red alert ahead of 

time, and anthropogenic discharges were strictly controlled. Despite those efforts, the BTH region was still hit by serious and 

persistent haze, demonstrating that 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 140 

severe haze (Zhang et al., 2014; Yin et al., 2015; Yin and Wang, 2017b). When severe haze occurred, the EAWM weakened 

from the upper to the lower troposphere, which could be verified by the negativerelatively weak geopotential height patterns 

over the Siberia and the Aleutian Islands at the mid-levels (Figure 2a), the decline in northerly winds near the surface (Figure 

3a–b) and warmer land surface (Figure 2b). As a consequence, the East Asian jet stream was weaker and moved northward 

with respect to the climatological mean (Yin and Wang, 2017b), while the East Asian trough declined and moved eastwards 145 

(Figure 2a). These results indicated that the meridional circulation over the middle-high latitude area in East Asia was 

weakened and that the BTH region was mainly occupied by zonal circulation. Thus, cold air intrusions were suppressed, and 

their southward movement into the BTH region decreasedthe cold air stayed inactive, and its frequency of moving southward 

and entering into the BTH region decreased (Chen and Wang, 2015; Yin and Wang, 2017b). The decline in prevailing northerly 

wind near the surface was strengthened by the reduction in the land-sea pressure differences. The negative anomalies of the 150 

SLP were obvious over the middle-high latitude area in the Eurasian continent, with two meions negative centers located 

overin the Siberian plain and Bering Strait, while the SLP anomaly in the Western Pacific was positiveSLP in the Western 

Pacific was a positive anomaly (Figure 2b). The change in differences between land and sea induced southeasterly winds. 

Considering that the BTH region is located in the southeast of the Taihang-Yanshan mountains, wind anomalies could, 



restricting the dispersion of pollutants. Moreover, the warm air brought by  southeasterly winds strengthened the intensity of 155 

temperature inversion potential (TIP, T895025-T1000). The emergence of stable stratification restricted the vertical dispersion of 

pollutants (Figure 3a). When it came to non-haze events, the EAWM was relatively strong in the troposphere (Figure 2c–d). 

Thus, the cold air incursionsactivity became more frequent, resulting in stronger surface winds and lower surface relative 

humidityRH in the BTH region (Figure 3c–d). In addition, the pressure differences between the Western Pacific and BTH 

region increased relatively, and the northerly winds wereas strengthened, accelerating the decrease in the PM2.5 concentration. 160 

In general, the weakening of the EAWM restricted the cold air invasions activity and had an impact on local weather conditions, 

including surface wind speeds, surface relative humidityRH and TIP, whose SPCCs with the meanmean PM2.5 concentration 

in the BTH region were -0.421, 0.723 and 0.5663, respectively, and all exceeded the 99% confidence level (Table 2). With the 

decline in the wind speed near the surface and the increase in the TIP, the horizontal and vertical dispersion abilities of the 

pollutants decreasedwere inhibited, while higher surface relative humidityRH exacerbated the formation of contaminants. 165 

These factors led to a rapid increase in the PM2.5 concentration and resulted in severe haze (Figure 4).  

The aforementionedmentioned southeasterly wind, abundant moisture and strong temperature inversion that induced 

severe haze 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 regionthe marked influencing atmospheric circulation. Here, we defined three indexes: 

AANAIZ500 (defined as Z500 anomalies over 115-140°E, 30-50°N, i.e., in the white box in Figure 2a), AANAIV850 (defined as 170 

wind speed anomalies at 850 hPa over 120-150°E, 30-40°N, i.e., in the black box in Figure 3a) and AANAIω500 (defined as 

ω500 anomalies over 115-125°E, 35-45°N, i.e., in the white box in Figure 6a) to describe the intensity of the AANA in the mid 

and lower troposphere. Note that the AANAIZ500 and AANAIV850 were similar to previous EAWM indexes (Wang and Jiang, 

2004; He and Wang, 2012), since the AANA was an important manifestation of the weaker EAWM (Figure 2a). However, here 

we defined these indexes through the anomaly fields to analyze anomalous atmospheric circulations, differing from the EAWM 175 

indexes, which were used to describe the intensity of the EAWM and its climatic evolution. The physical meaning and the 

critical areas taking into account were different between the AANAIZ500 (AANAIV850) and EAWM indexes. Considering that 

the AANAIZ500 and AANAIV850 only represented the intensity of the AANA in the horizontal dimensionfrom the horizontal 

direction, we further introduced AANAIω500 to investigate the vertical structure of the AANA. This part will be illustrated in 

detail in the following section. We calculated the SPCC between the meanmean PM2.5 concentration in the BTH region and 180 

the AANAIZ500 (AANAIV850), and it was 0.6457 (-0.64), exceeding the 99% confidence level (Table 2). Thus, the AANA could 

affectwas closely related to the emergence and development of severe haze pollution (Figure 5). When severe haze took place, 

the AANA could be identified from the lower to the upper levelstroposphere, especially at the mid-level troposphere (Figure 

6a). From the horizontal direction, Tthe AANA could generate southeasterly winds near the surface (Figure 3a), which. 

Considering that the BTH region is located in the southeast of Taihang-Yanshan mountain, the anomalous southeaster was 185 



beneficial encouraged to the accumulation of pollutants and water vapor. Southeasterly winds gathered pollutants from the 

surrounding areas and provided a steady supply of haze fine particles for haze pollution in the BTH region , while bringing 

moisture from the Western Pacific to the BTH region via Bohai Bayfrom the Western Pacific to the Bohai Bay. With the weak 

convergence inducedaroused by the anomalous low surface pressure, moisture was transported to the BTH region (Figure 3b). 

This promoted the hygroscopic growth of fine particles and the formation of secondary pollutants (Wang et al, 2016). In 190 

addition, the warm advection over the BTH region induced by the southeasterly winds could be verified in the middle and 

lower troposphere (Figure 7). Strong warm advection at mid-levels was also consistent with the decline in the EAWM. 

Specifically, the local temperature changes mainly generated by warm advection were stronger at 850 hPa than those at 1000 

hPa at the day before the first day of severe haze events. Even though anomalous vertical motions had negative effects on the 

change of temperature at the first day of severe haze events, the positive horizontal advection still prevailed in lower levels 195 

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

development of temperature inversion layer and the increase in atmospheric stability (Figure 3a). The SPCC between the 

AANAIZ500 and TIP was 0.58 and exceeded the 95% confidence level (Table 3). Strong warm advection at the mid-level was 

consistent with the decline in the EAWM. Specifically, the warm advection at 950 hPa was relatively stronger than that at 1000 

hPa. This was propitious to the formation of temperature inversion layer and the increase in atmospheric stability (Figure 3a). 200 

The SPCC between the AANAIZ500 and TIP was 0.39 and exceeded the 99% confidence level (Table 3). For non-haze events, 

Northeast Asia was mainly controlled by cyclonic anomalies (Figure 6b), which strengthened the northerly winds near the 

surface (Figure 3c). Strong northerly winds brought about cold advection over the BTH region and restrained 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 AANAIZ500 and surface wind speed (surface relative humidityRH) was -0.3841 (0.7365), exceeding the 99% 205 

confidence level (Table 3). Thus, because of the specialunique topographical conditionstopography condition in the BTH 

region, the anomalous southeasterly windflows caused by the AANA facilitated the formation and aggregation of haze particles. 

The emergence of 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, the negative anomalies of vertical velocity (omega) were verified focused overin 210 

Northeast Asia and coastal regions of eastern China, while positive anomalies were mainly located in Northwestern Pacific 

(Figure 6a). Thus, the mid-level reflection of AANAthe AANA at the mid-level stimulatedwas accompanied by the anomalous 

synoptic-scale ascending (descending) motions in to the rear (front) of the AANAand descending motion in the front. The 

distribution of anomalies was opposite in non-haze events: cyclonic anomalies appeared with anomalous synoptic-scale 

ascending (descending) motions in to the front (rear) of cyclonic anomalies and descending motion in the rear (Figure 6b). In 215 

particular, the SPCC between the AANAIω500 and the meanmean PM2.5 concentration in the BTH region was -0.760, exceeding 

the 99% confidence level (Table 2). This result demonstrated that the anomalous synoptic-scale ascending motions at the 



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

contradicthave a conflict with the insufficient speculation by Yin and Wang (2017b), which simply concluded the sinking 

motion generated by the AANA as the overall state. The following sections would explain how the associated vertical 220 

circulation affected severe haze in the BTH region.   

The anomalous synoptic-scale ascending motion generated byassociated with the AANA extended through the depth of 

the tropospherehad a broad range in the troposphere  (Figure 8). Considering of the climate mean state over the BTH region 

(i.e., descending motion; Figure S1), tThe anomalousis ascendingvertical flow weakened the vertical motion in the local area 

when severe haze occurred, and even generated weak ascending motions in the lower troposphere (i.e., 500-800 hPa; Figure 225 

9a). Even though sinking motions still prevailed over the BTH region,  led to wind anomalies in the synoptic processes, which 

appeared as weak and narrow ascending motion in the lower troposphere (Figure 9a). Thus, the normal meridional circulation 

in the local area (Figure S1) was broken. tThe sink of cold airdescending motion from the upper levels was greatly weakened 

restrained at 500-800 hPadue to the anomalous ascending flow (Figure 9a). . The confrontation between updraft and downdraft 

restricted the This effect might explain why the subsidence and associated adiabatic warming weakened during severe haze 230 

episodes and did not predominate in the changes of lower level temperature (Figure 7). The strong warm advection mentioned 

above (Figure 7) represented the decline in the dry air intrusion (Sun et al., 2017). As a result, the transportationinvasion of 

dry and cold and dryclean air from the upper atmospherelevels to the surface was relatively weak, which provided favorable 

conditions for, which directly led to the formation of severe haze (Sun et al., 2017; Hu et al., 2018). transportation of dry and 

clean air from the upper atmosphere to the surface, which directly led to the formation of severe haze (Sun et al., 2017). 235 

Actually, the strong warm advection mentioned above represented the decline in the dry air intrusion (Sun et al., 2017), which 

could be verified in Figure 7. Furthermore, tThe anomalous ascending motion in the middle-upper troposphereatmosphere not 

only weakened the normal sinking flow, but also confined the downward transportation of westerly momentum (i.e., 
𝜕𝑢𝜔

𝜕𝑃
>0, 

Figure 9b), which led to weaker northerly winds near the surface  surface wind speed (Lu et al., 2010; Liu and Guo, 2012). 

The inhibited downward momentum was the reflection of a less frequent cold air intrusion (Hu et al., 2018), and it could also 240 

affect the intensity of turbulence. On one hand, with the weakening of momentum exchange between the upper and lower 

atmospherelevels, the transformation of kinetic energy from the basic flow to the turbulent flow was restrained (Liu et al., 

2011). On the other hand, the temperature inversion mainly generated by the anomalous southeasterly winds would lead to the 

increase in atmospheric stability and dissipate the turbulent kinetic energy. In this situation, the kinetic energy of turbulence 

decreased (Liu et al., 2011). , which would lead to Wweaker turbulence could be verified by a shallower planetary boundary 245 

layer (Figure 3a). The PBLH over the BTH region was only 266.7m during severe haze episodes (the mean state of PBLH in 

December is 430.7m according to the ERA-interim data). This reduced the atmosphere’s capacity for pollution aerosols and 

hadve adverse effects on the dispersion of pollutants. This could be verified by the overall weak meridional circulation in the 



synoptic processes (Figure 9a). Meanwhile, the weak turbulence resulted in a shallower planetary boundary layer (PBL) and 

reduced the atmospheric environment capacity. The SPCC between the AANAIZ500 and PBLH anomalies and the PM2.5 250 

concentration was -0.60, passing the 99% confidence level (Table 2).  was -0.48, passing the 99% confidence level (Table 3). 

The height of the PBL was approximately 200 m lower than the climatological mean from 36° to 42°N (i.e., the BTH region, 

Figure 8a), whose SPCC with the PM2.5 concentration was -0.38 and exceeded the 99% confidence level (Table 2). Therefore, 

the decline in the PBLH triggered serious and persistent haze.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 could not connect 255 

with the air that lying beneath the stable layer (Corfidi et al. 2008). However, the anomalous vertical flow still provided 

favorable synoptic-scale environments by confining the clean air intrusion and the downward momentum from upper levels. 

Once anomalous ascending flows weakened and descending motions prevailed over the BTH region, the sink of clean air from 

upper levels tended to break the inversion layer (Figure 7c). This effect could also strengthen the downward momentum and 

northerly winds near the surface. Subsequently, the BTH region was mainly controlled by the cold advection (Figure 7c). These 260 

factors represented the dissipation process for haze pollution.  For the non-haze episodes, the cyclonic circulation induced 

anomalous descending motions over the BTH region, which strengthened the local meridional circulationthe strong sinking 

motion was obvious in the troposphere (Figure 8c–d) , and which represented the downward transport of westerly momentum 

and the clean air (Figure 9c–d). Under these circumstances, the clean air intrusion from free troposphere was more frequent, 

and the surface wind speeds and turbulent exchange were enhanced, strengthened, leading to conducive conditions for pollutant 265 

dispersion. In general, the AANA was accompanied by generated anomalous synoptic-scale ascending motion flows toin its 

rear, which broke weakened the normal meridional circulation in over the BTH region  and  restricted the  clean air 

intrusions in fromthe higher levelsupper troposphere from sinking to the surface.  This effect was the proximate cause of 

severe haze in the BTH region. The resulting weak local vertical circulation ascending motion also restrained the transportation 

of downward momentum and led to the conditions of lower surface wind speeds, weaker turbulence and a shallower PBL 270 

boundary layer in the local area. ,These effects provided favorable synoptic-scale environments for which were conducive to 

the formation and development of severe haze.  

Note that the AANA modulatedmotivated a thermallyn indirect  zonal circulation between the BTH region and Western 

Pacific (i.e., ascending motions over the land and descending motions over the sea; the mean state over this region in the boreal 

winter is ascending motions over the relatively warm sea and descending motions over the relatively cold land, see Figure. 275 

S2), which acted as an important water vapor path (Figure 8b). The easterly winds in the lower troposphere triggered by the 

AANA brought humid and warm air to the BTH region and resulted in higher relative humidityRH in the lower (900-1000 

hPa) atmosphere. This effect could accelerate the growth of fine particles and lead to a sharp increase in PM2.5 concentration. 

Higher relative humidityRH near the surface also restrained evaporation, which restricted the development of turbulence (Betts, 



1997). Consequently, the anomalous ascent was weak near the surface relative to the anomalies in the lower and middle 280 

troposphereascending motion in the lower level declined, which restricted the development of turbulence (Betts, 1997). Weak 

updrafts near the surface could not make the pollutants disperse in the vertical direction (Sun et al., 2017; Yin and Wang, 2018). 

Moreover, the aforementioned temperature inversion layer could warm air from the ocean generated advection inversion when 

it moved to the land. The development of thermal inversion lead to weaker turbulence, which discouragedlimited the ascending 

motion in the lower levels from connecting with the air in upper levels. Weak updraft near the surface could not make the 285 

pollutants disperse in the vertical direction (Sun et al., 2017; Yin and Wang, 2018). During non-haze events, the thermally 

direct vertical circulation (i.e., ascending motions over the sea and descending motions over the land) could be verified beneath 

the control area of the AANA, through which there appeared descending motion at the back of the AANA, while ascending 

motion was in the front. Through the direct vertical circulation, pollutants and water vapor were transported to the ocean. The 

resulting dDrier atmosphere over the BTH region restrained the growth of fine particles. In brief, the thermally indirectvertical 290 

circulation between land and sea modulatedtriggered by the AANA provided a persistentstable 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.  

We further investigated the evolution processes of the AANA on severe haze/non-haze episodes to provide a basis for air 

quality forecasting. Before severe haze episodes, Northeast Asia was mainly occupied by cyclonic circulation, which had the 295 

tendency of weakening over time (Figure 10a–c). This effect was caused by the strengthening of positive anomalies overin 

Lake Baikal. The eastward propagationforward motion of positive anomalies overin Lake Baikal was a precursory signal of 

severe haze. On the first day of severe haze, the AANA was relatively typical and strong at the mid-level, with anomalous 

ascending motions over the BTH region and anomalous southeasterly winds near the surface, bringing moisture to the BTH 

region (Figure 10d). These anomalies regulated the synoptic-scale environments and provided favorable conditions for the 300 

formation of severe haze. One day after severe haze, Tthe AANA moved to the east continually after the first day of severe 

haze (Figure 10e-f).,  and the main supply of water vapor began to change from southeasterly wind to low-level convergence 

(Figure 10f). Meanwhile, convergence in the low level could motivate sinking motion and lead to lower PBLH, which might 

trigger persistent haze. Three days after severe haze, the AANA was brokenreplaced by a cyclonic circulation  and haze 

pollution tended to dissipate  (Figure 10g). The rebuildting of a cyclonic circulation inover the BTH region represented the 305 

end of severe haze. For the non-haze episodes, the AANA remained strong and moved slowly before the non-haze day (Figure 

10h-j). Few cyclones developed, which were mainly located in the high-latitude area. The switch from an anomalous 

anticyclonic circulation to a cyclonic systemanomalies occurred a day before the non-haze day, which was associated with 

polar cold air entering into the BTH region. On the first non-haze day, a cyclonic circulation developed inover Northeast Asia 

(Figure 10k). The anomalous descending motion over the BTH region and the northerly wind near the surface could be verified, 310 



which strengthened the prevailing northwesterly wind (Figure 10k). The anomalous northerly wind was conductive to the 

dissipation of pollutants. One day after the non-haze day, the anomalous descending motions were enhanced with the 

development of the cyclonic circulation (Figure 10l). Subsequently, the cyclonic circulationthe cyclonic circulation in 

Northeast Asia developed,  movedwhich was then forced to move eastward by the positive anomaly inover Lake Baikal 

(Figure 10l-n). In brief, the emergence and development of severe haze (non-haze) was matched by the movements of the 315 

AANA. Thus, the AANA could be an effective forecast indicator for air quality.  

4. Conclusions and discussions 

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

society and economy. Basing on the PM2.5 concentration data collected from the air quality measurement network in China, 

This this research concentrated focused on severe haze episodes over the BTH region during, the months of December in the 320 

years 2014-2016occurring in December 2014-2016, which were identified by PM2.5 concentration data. 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 lower shallower boundary layerPBLH, and higher relative humidityRH in the BTH region, which were of importance in the 

formation of severe haze. From the horizontal direction, tThe AANA motivated southeasterly winds in the lower troposphere, 325 

gathering pollutants and moisture to the BTH region. Strong southeasterly winds also generated temperature inversion through 

warm advection, which strengthened the stability of lower atmosphere. As a synoptic-scale system, In the vertical direction, 

the AANA was accompanied bygenerated anomalous verticalascending motions in the surrounding areas.  over the BTH 

region. Thus, there appeared anomalous updraft in the synoptic processes, whichThis brokeweakened the local meridional 

circulation and restricted  the transportation invasions of clean cold and dry air from the higher levelsupper troposphere. This 330 

phenomenon was a key factor of severe haze. Meanwhile, the anomalous verticalascending motion restrained the downward 

transport of momentum and resulted in lowerweaker surface wind speeds, weaker turbulence and a shallower PBLboundary 

layer, which were highly detrimental to pollutant dispersion and strengthened the development of severe haze. The AANA also 

modulatedtriggered a thermally n indirect circulation between land and sea, which acted as the main moisture path. Abundant 

moisture promoted the growth of haze particles, and higher RH weakened the turbulence., These factors provideding favorable 335 

conditions for the emergence and development of severe haze. The evolution processes of the AANA on severe haze/non-haze 

episodes were also discussed. The positive anomalies in Lake Baikal stretched eastward continuously before the AANA 

occupied Northeast Asia, which was a precursory signal of severe haze. In contrast, thea transition from anticyclonic circulation 

to cyclonic circulation occurred a day before the non-haze day, resulting infor the rapid movement of polar cold air.  

It is well acknowledged that the fine PM is the main cause of severe haze in China (Wang et al., 2016; Cai et al., 2017). 340 



The severe and non-haze events analyzed in this research were sorted out according to PM2.5 concentration. Compared with 

visibility used in previous researches (Chen and Wang, 2015; Yin et al., 2015a; Yin et al., 2015b), the PM2.5 concentration 

could represent the characteristics of haze episodes pollution better. Thus, the severe and non-haze events analyzed in this 

research were sorted out according to PM2.5 concentration, while the visibility data were included to draw a comparison with 

previous researches. The basic results that stronger AANA, corresponding to a weaker EAWM, could lead to severe haze by 345 

generating weaker surface winds, a stronger temperature inversion and higher relative humidityRH were in agreement with 

previous findingsstudies (Yin et al., 2015a; Yin and Wang, 2017b) (Yin et al., 2015a; Yin and Wang, 2017b). Strong correlations 

between AANA indexes and visibility also existed (Table 3 and table 5). In addition, this study offered novel insights into the 

formation of severe haze in the BTH region. Our analysis demonstrated the dynamic mechanism of how the AANA affected 

severe haze in the BTH region. The AANA not only motivated southeasterly winds near the surface in the horizontal direction 350 

but also modulated generated anomalous vertical motions.  composed of ascending branches at the back and descending 

branches in the front. These effects synoptic-scale environments led to conducive local meteorological conditions for severe 

haze, including weaker surface winds, a stronger temperature inversion, a shallower PBL boundary layer and higher relative 

humidityRH. The situation in December 2017 backed up our conclusions. Even though the haze events were not as serious as 

those in previous years, the AANA could be detected at the mid-level when severe haze occurred (Figure 11a). BTH region 355 

was occupied by anomalous southerly winds near the surface and anomalous ascending motions in upper levels. The strong 

cyclonic circulation over Northeast Asia might explain why the haze pollution was less severe in December 2017 (Figure 11b). 

In the different years, the relationship between the AANA and severe haze in the BTH region expressed different features but 

remained strong. In 2014 and , 2016 and 2017, the SPCCs between the PM2.5 concentration and AANAIZ500 (AANAIV850) were 

0.81, 0.7976 (-0.66) and 0.736 (-0.66), respectively, allboth passing the 99% confidence level (Table 4). These results indicated 360 

that the AANA was relatively strong in the mid and lower troposphere andcould played an importantndicative role in the 

formation of severe haze over the BTH region in 2014, and 2016 and 2017. However, the SPCC between the PM2.5 

concentration and the AANAIZ500 was 0.2253 in 2015, and it failed to pass the confidence test. It might be associated with the 

influence of ENSO on the mid-tropospheric circulation. Although the AANA was not evident in the geopotential mid-levelfield, 

it still emerged in the lower troposphere and had an impact on severe haze. The SPCC between the PM2.5 concentration and 365 

AANAIV850 (AANAIω500) was -0.6154 (-0.6650), exceeding the 95% confidence level (Table 4). In addition, there were some 

differences on how the AANA affected severe haze. In 2014, the AANA strengthened the severe haze mainly by enhancing 

surface relative humidityTIP anomalies and surface RH and TIP, whose SPCCs with the AANAIZ500 wereere 0.62 and 0.57, 

respectively59 and 0.42, respectively (Table 54). Nevertheless, Tthe AANA primarily could promoted weaker surface winds, 

higher surface RH and a shallower boundary layer in 2015. The SPCCs between the AANAI V850Z500 and surface wind speed, 370 

surface RH and ERA PBLH anomalies wereas -0.74 -0.70 and 0.64, respectively63 (Table 54).  Similar situation could be 

detected in 2016 and 2017 (Table 5). These results proved that the AANA indexes could capture the relationship between 



severe haze in the BTH region and the synoptic-scale environments. 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 the SPCCs between AANA indexes and FNL PBLH (Table 5), which confirmed that our 375 

conclusions are not dependent on the reanalysis dataset.The impact of the AANA was typical in 2016, leading to lower surface 

wind speed and PBLH and higher surface relative humidity and TIP. The SPCCs between the AANAIZ500 and surface wind 

speed, surface relative humidity, TIP, and PBLH anomalies were -0.53, 0.68, 0.50, and -0.42, respectively (Table 4). These 

results might explain why haze pollution was more severe in 2016.  The ascending motion at the back of the AANA might be 

corresponded with anomalous Hadley circulation, but it requires further research to confirm. Higher relative humidityRH over 380 

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

could be brought transported to the air over the land by anomalous easterly windflows. Further research remains necessary to 

explore how higher relative humidityRH in the upper troposphere levels affects severe haze. The evolution processes of the 

AANA on severe haze/non-haze episodes illustrated that the intensity of the AANA could play an indicative important role in 

the emergence and dissipation of severe haze. However, the severe haze/non-haze events analyzed in this study were limited 385 

to the period months of December in the years 2014-2016. Further analysis containing more sample data is required to confirm 

whether the three AANA indexesIs we defined in this study could be reliable forecast indicators.  
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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 PM2.5 concentration is μg ⋅ 𝑚−3. The start time and end time are all in Beijing local time.  

Table 2. The SPCCs between the mean PM2.5 concentration over the BTH region and key meteorological indexes. All the 500 

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 

T850-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 505 

were rebuilt by averaging the mean PM2.5 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 AANAIZ500 (AANAIV850, AANAIω500) 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 510 

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 PM2.5 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 515 

calculated basing on the SPM data, which were rebuilt by averaging the mean PM2.5 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 AANAIZ500 (AANAIV850, AANAIω500) and regional meteorological indexes in December 2014, 
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December 2015, December 2016 and December 2017. “*” represents that the SPCC exceeded the 95% confidence level, and 520 

“**” 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, 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 PM2.5 concentration over the BTH region (units: μg ⋅ 𝑚−3) in December 2014, 525 

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 AANAIZ500). (a) Z500 (shading, units: 𝑚2 ⋅ s−2) and U200 (contour, units: m ⋅ s−1) on severe haze episodes; the white dots 530 

indicate that the Z500 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) Z500 (shading, 

units: 𝑚2 ⋅ s−2 ) and U200 (contour, units: m ⋅ s−1 ) on non-haze episodes; the white dots indicate that the Z500 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. 535 

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 AANAIV850). (a) V850 (arrow, units: m ⋅ s−1), PBLH (contour, units: m) and temperature inversion potential (T850-T1000, 

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) 540 

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) V850 (arrow, units: m ⋅ s−1), PBLH (contour, units: m) and 

temperature inversion potential (T850-T1000, 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; 545 

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

Figure 4. The six-hour variation of PM2.5 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 550 

processes to represent the normal situation. The synoptic process mean (SPM) data were rebuilt by averaging the PM2.5 

concentration and all the meteorological data during each process. 

Figure 5. The six-hour variation of PM2.5 concentration, AANAIZ500, AANAIV850, and AANAIω500 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 555 

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 PM2.5 concentration and all the AANA indexes during each 

process. 

Figure 6. Structure of the AANA in the mid-levels: Z500 (contour, units: 𝑚2 ⋅ s−2) and ω500 (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 560 

(area covered by AANAIω500). (a) severe haze episodes, (b) non-haze episodes. The white dots indicate that the ω500 anomalies 

exceeded the 95% confidence level. 

Figure 7. The differences of temperature changes (units: 10−5K ⋅ 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 565 

line represents the local temperature changes (i.e., 
𝜕𝑇

𝜕𝑡
). The red line represents the horizontal temperature advection (i.e., −𝑽 ∙

∇T ). The blue line represents the combined effect of adiabatic compression and vertical advection (i.e., (
κ𝑇

𝑃
−

𝜕𝑇

𝜕𝑃
)ω , 

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

𝐶𝑝
, 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. 570 

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 575 

indicate that the RH anomalies exceeded the 95% confidence level. (c) 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−1; the vectors 

represent the vertical and zonal components) and RH (contour, units: %); the white dots indicate that the RH anomalies 580 

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 585 

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: 10−5m ⋅ s−2); the white dots indicate that the 

vertical transport of westerly momentum exceeded the 95% confidence level. (c) 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-590 

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: 10−5m ⋅ 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): Z500 (contour, units: 𝑚2 ⋅ s−2), 595 

V850 (arrow, units: m ⋅ s−1) and ω500 (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 600 

indicates the BTH region. The white, black and gray boxes indicate the area covered by AANAIZ500 AANAIV850 and AANAIω500, 

respectively. 

Figure 11. Structure of the AANA on (a) severe haze episodes and (b) non-haze episodes in December 2017: Z500 (contour, 

units: 𝑚2 ⋅ s−2), V850 (arrow, units: m ⋅ s−1) and ω500 (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 605 

area covered by AANAIZ500 AANAIV850 and AANAIω500, respectively.Table 1. The timetable of 18 severe haze and 20 non-

haze episodes. Note that the severe haze episodes are marked by gray shading. The units of concentration are μg ⋅ 𝑚−3. The 

start time and end time are all in Beijing local time.  

Table 2. The SPCCs between the mean PM2.5 concentration over the BTH region and key indexes. All the SPCCs exceeded 

the 99% confidence level. The visibility, surface wind speed and surface relative humidity (RH) were based on observation 610 

data and calculated as the mean over the BTH region. The temperature inversion potential (TIP) was defined as T925-T1000 and 

calculated as the mean over the BTH region. The planetary boundary layer height (PBLH) anomalies were calculated as the 

mean over 35°-40°N, 110°-120°E and with respect to the period from 1979-2010.  

Table 3. The SPCCs between AANAIZ500 (AANAIV850, AANAIω500) and regional meteorological indexes. “*” represents that 

the SPCC exceeded the 95% confidence level, and “**” represents that the SPCC exceeded the 99% confidence level. 615 

Table 4. The SPCCs between the mean PM2.5 concentration over the BTH region and key indexes in December 2014, 2015 

and 2016. “*” represents that the SPCC exceeded the 95% confidence level, and “**” represents that the SPCC exceeded the 

99% confidence level. 

Table 5. The SPCCs between AANAIZ500 (AANAIV850, AANAIω500) and regional meteorological indexes in December 2014, 

2015 and 2016. “*” represents that the SPCC exceeded the 95% confidence level, and “**” represents that the SPCC exceeded 620 

the 99% confidence level. 

Figure 1. The six-hour variation of mean PM2.5 concentration over the BTH region (units: μg ⋅ 𝑚−3) in December 2014-2016. 

The time series (concentrations) corresponding to the red/blue line represent the occurrence time (threshold values) of severe 

haze/non-haze episodes. 

Figure 2. Composite distribution of the atmospheric circulation anomalies on severe haze/non-haze episodes. The anomalies 625 

here are calculated with respect to the 1979-2010 climatology. The green (white) box indicates the BTH region (area covered 

by AANAIZ500). (a) Z500 (shading, units: 𝑚2 ⋅ s−2) and U200 (contour, units: m ⋅ s−1) on severe haze episodes; the white dots 

indicate that the Z500 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) Z500 (shading, 

units: 𝑚2 ⋅ s−2 ) and U200 (contour, units: m ⋅ s−1 ) on non-haze episodes; the white dots indicate that the Z500 anomalies 630 

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 are calculated with respect to the 1979-2010 climatology. The green (black) box indicates the BTH region (area covered 

by AANAIV850). (a) V850 (arrow, units: m ⋅ s−1) and temperature inversion potential (T925-T1000, shading, units: K) on severe 635 

haze episodes; 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 relative humidity (shading, units: %) on severe haze episodes; the white 

dots indicate that the surface relative humidity anomalies exceeded the 95% confidence level. (c) V850 (arrow, units: m ⋅ s−1) 

and temperature inversion potential (T925-T1000, shading, units: K) on non-haze episodes; the white dots indicate that the 

temperature inversion potential anomalies exceeded the 95% confidence level. (d) Surface wind (arrow, units: m ⋅ s−1) and 640 

surface relative humidity (shading, units: %) on non-haze episodes; the white dots indicate that the surface relative humidity 

anomalies exceeded the 95% confidence level. 

Figure 4. The six-hour variation of PM2.5 concentration and surface wind speed, surface relative humidity, and TIP in 

December 2014-2016. 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. 645 

Figure 5. The six-hour variation of PM2.5 concentration, AANAIZ500, AANAIV850, and AANAIω500 in December 2014-2016. 

The time series corresponding to red/blue shading represent the occurrence time of severe haze/non-haze episodes. 



Figure 6. Structure of AANA in the mid-level: Z500 (contour, units:  𝑚2 ⋅ s−2 ) and ω500 (shading, units: Pa ⋅ s−1 ). The 

anomalies here are calculated with respect to the 1979-2010 climatology. The green (white) box indicates the BTH region (area 

covered by AANAIω500). (a) severe haze episodes, (b) non-haze episodes. The white dots indicate that the ω500 anomalies 650 

exceeded the 95% confidence level. 

Figure 7. Vertical distribution of temperature advection (units: 10−5K ⋅ s−1) over the BTH region. The black line represents 

the differences between severe haze and non-haze. “ⓧ” indicates that the differences of temperature advection between severe 

haze and non-haze exceeded the 95% confidence level.  

Figure 8. Vertical section on severe haze/non-haze episodes (composite anomalies): (a) Vertical cross section (115°-125°E 655 

mean) of wind anomalies (omega, shading, units: Pa ⋅ s−1; wind, arrow, omega magnified 100 times, units: m ⋅ s−1) and 

PBLH anomalies (contour, units: m) on severe haze episodes; the left coordinate is pressure level and the right coordinate is 

PBLH anomaly; the white dots indicate that the omega anomalies exceeded the 95% confidence level. (b) Zonal vertical section 

(36°-42°N mean) of wind anomalies (omega, shading, units: Pa ⋅ s−1; wind, arrow, omega magnified 100 times, units: m ⋅ s−1) 

and relative humidity anomalies (contour, units: %) on severe haze episodes; the white dots indicate that the omega anomalies 660 

exceeded the 95% confidence level. (c) Vertical cross section (115°-125°E mean) of wind anomalies (omega, shading, units: 

Pa ⋅ s−1; wind, arrow, omega magnified 100 times, units: m ⋅ s−1) and PBLH anomalies (contour, units: m) on non-haze 

episodes; the left coordinate is the pressure level, and the right coordinate is the PBLH anomaly; the white dots indicate that 

the omega anomalies exceeded the 95% confidence level. (d) Zonal vertical section (36°-42°N mean) of wind anomalies 

(omega, shading, units: Pa ⋅ s−1; wind, arrow, omega magnified 100 times, units: m ⋅ s−1) and relative humidity (contour, 665 

units: %) on non-haze episodes; the white dots indicate that the omega anomalies exceeded the 95% confidence level. The 

anomalies here are 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 is magnified 100 times. 

Figure 9. Vertical section on severe haze/non-haze episodes (composite synoptic processes): (a) Vertical cross section (114°-

120°E mean) of wind (omega, shading, units: Pa ⋅ s−1; wind, arrow, omega magnified 100 times, units: m ⋅ s−1) on severe 670 

haze episodes; the white dots indicate that omega exceeded the 95% confidence level. (b) Zonal vertical section (36°-42°N 

mean) of wind (arrow, omega magnified 100 times, units: m ⋅ s−1) and the vertical transport of westerly momentum (shading, 

units: 10−3m ⋅ s−2 ) on severe haze episodes; the white dots indicate that the vertical transport of westerly momentum 

exceeded the 95% confidence level. (c) Vertical cross section (114°-120°E mean) of wind (omega, shading, units: Pa ⋅ s−1; 

wind, arrow, omega magnified 100 times, units: m ⋅ s−1) on non-haze episodes; the white dots indicate that omega exceeded 675 

the 95% confidence level. (d) Zonal vertical section (36°-42°N mean) of wind (arrow, omega magnified 100 times, 

units: m ⋅ s−1) and the vertical transport of westerly momentum (shading, units: 10−3m ⋅ s−2) on non-haze episodes; 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 is magnified 100 times.  

Figure 10. Evolution of the AANA on severe haze episodes (a-g) and non-haze episodes (h-n): Z500 (shading, units: 𝑚2 ⋅ s−2) 680 

and wind at 850 hPa (arrow, units: m ⋅ s−1). The anomalies here are 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, white and black boxes indicate the 685 

BTH region and areas covered by AANAIZ500 and AANAIV850, respectively. 

  



 

 

Table 1. The timetable of 148 severe haze and 1220 non-haze episodes. Note that the severe haze episodes are marked by gray 690 

shading. The units of the PM2.5 concentration isare μg ⋅ 𝑚−3. The start time and end time are all in Beijing local time.  

Year Start time End time 
MMean 

concentration 
Start time End time 

MMean 

concentration 

2014 1st 0800 

5th 

14002nd 

0800 

36.6932.7  

18th 

200015th 

2000 

19th 

080017th 

0200 

156.2224.3  

 9th 08002nd 

2000 

10th 

08005th 

1400 

169.7036.9  

19th 

200018th 

2000 

21st 

200019th 

0800 

31.62156.2  

 10th 20009th 

2000 

13th 

140010th 

0800 

42.52189.8  

23rd 

200019th 

2000 

24th 

020021st 

2000 

170.2531.6  

 
14th 

200010th 

2000 

15th 

080011th 

1400 

163.0537.8  

27th 

020023rd 

2000 

28th 

140024th 

0200 

210.76170.2  

 
15th 

140012th 

0800 

17th 

140012th 

2000 

33.3226.3  

31st 

020024th 

2000 

31st 

200024th 

2000 

28.2148.9  

2015 

1st 0800 2nd 0200 200.11200.1  

20th 

200020th 

2000 

26th 

080025th 

0200 

221.44234.2  

2nd 1400 4th 2000 26.3726.4  

27th 

020025th 

1400 

27th 

200026th 

0800 

32.55185.7  

7th 2000 10th 0800 219.65219.6  

29th 

020027th 

0200 

30th 

080027th 

1400 

193.2925.1  

15th 

080011th 

1400 

17th 

140011th 

1400 

23.7448.5  29th 0200 29th 0200 150.4  

2016 

2nd 20001st 

1400 

5th 02001st 

1400 
192.6030.9  

164th 

200800 

22nd 

020014th 

1400 

227.4837.3  

5th 14002nd 

2000 

5th 

20003rd 

0200 

44.17153.2  

23rd 

080017th 

0200 

23rd 

140017th 

0200 

39.75150.8  

8th 20003rd 

1400 

9th 

20005th 
37.24210.6  

25th 

200017th 

26th 

020022nd 
162.07240.0  



0200 1400 0200 

11th 20005th 

1400 

12th 

20005th 

2000 

175.9144.2  

30th 

140023rd 

0800 

31st 

200023rd 

1400 

209.7639.8  

13th14009th 

0200 

14th 

14009th 

2000 

40.8233.2  25th 2000 26th 0200 162.1  

  



 

Table 2. The SPCCs between the meanmean PM2.5 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 695 

based on the observation data and calculated as the mean over the BTH region.  TThe temperature inversion potential (TIP, 

defined as T850-T1000) anomalies wereas defined as T925-T1000 and 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 region35°-40°N, 110°-120°E and with respect to the period from 1979-2010 climatology. The synoptic process 

correlation coefficients (SPCCs) were calculated basing on the SPM data,  which were rebuilt by averaging the mean PM2.5 700 

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.  

Index 
AANA 

IZ500 

AANA 

IV850 

AANAIω

500 

Surface 

wind 

speedVisib

ility 

Surface 

wind 

speedSurfa

ce RH 

Surface 

RHTIP 

TIP 

anomalies

PBLH 

anomalies 

ERA 

PBLH 

anomalies 

SPCC 0.640.57 
-0.64-

0.64 

-0.70-

0.60 
-0.83-0.41 -0.420.73 0.720.63 0.56-0.38 -0.60 

 

 

Table 3. The SPCCs between AANAIZ500 (AANAIV850, AANAIω500) and regional meteorological indexes. “*” represents that 705 

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. 

SPCC 

Surface 

wind 

speedVisib

ility 

Surface wind 

speedSurface RH 

Surface 

RHTIP 

TIP 

anomaliesPBLH 

anomalies 

ERA PBLH 

anomalies 

AANAIZ500 
-0.71**-

0.41** 
-0.38**0.65** 0.73**0.39** 0.58**-0.48** -0.50** 

AANAIV850 0.59**0.20 0.25-0.55** -0.56**-0.38** -0.41**0.17 0.40** 

AANAIω500  0.51**0.04 0.11-0.44** -0.50**-0.40** -0.30*-0.03 0.22 

 710 

 



 

Table 4. The SPCCs between the meanmean PM2.5 concentration over the BTH region and key indexes in December 2014, 

December 2015, December 2016 and December 2017in December 2014, 2015 and 2016. “*” represents that the SPCC 

exceeded the 95% confidence level, and “**” represents that the SPCC exceeded the 99% confidence level. The synoptic 715 

process correlation coefficients (SPCCs) were calculated basing on the SPM data, which were rebuilt by averaging the mean 

PM2.5 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. 

SPCC 
AANA 

I500  

AANA 

I850 

AANA 

Iω500 

Surface 

wind 

speedVisibili

ty 

Surface 

wind 

speedSurfa

ce RH 

Surface 

RHTIP 

TIP 

anomalies

PBLH 

anomalies 

ERA 

PBLH 

anomalies 

FNL 

PBLH 

2014 
0.81**0.7

6** 

-0.72**-

0.66** 

-0.77**-

0.70** 
-0.76**-0.33 -0.360.75** 

0.75**0.63*

* 

0.69**-

0.39* 
-0.65**  

2015 0.530.22 
-0.61*-

0.54* 

-0.66*-

0.50* 
-0.94**-0.51* 

-

0.53*0.83** 
0.92**0.49* 0.37-0.27 -0.63* -0.72** 

2016 
0.79**0.7

6** 

-0.62**-

0.66** 

-0.70**-

0.61** 
-0.9**-0.55** 

-

0.52*0.80** 

0.87**0.70*

* 

0.80**-

0.44* 
-0.63** -0.70** 

2017 0.73** -0.33 -0.58* -0.89** -0.68** -0.86** 0.68** -0.73** -0.68** 

 720 

  



Table 5. The SPCCs between AANAIZ500 (AANAIV850, AANAIω500) and regional meteorological indexes in December 2014, 

December 2015, December 2016 and December 2017.in December 2014, 2015 and 2016. “*” 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 725 

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. 

Year SPCC 

Surface 

wind 

speedVis

ibility 

Surface 

wind 

speedSurfa

ce RH 

Surface 

RHTIP 

TIP 

anomaliesPBL

H anomalies 

ERA PBLH 

anomalies 
FNL PBLH 

2014 

AANAIZ500 
-0.64**-

0.10 
-0.100.59** 0.57*0.42* 0.62**-0.18 -0.39  

AANAIV850 

AANAIω500 

0.35-0.15 

 

0.46-0.16 

-0.09 

-0.01-0.36 

-0.43* 

-0.38 

-0.45-0.22 

-0.31 

-0.27 

-0.45-0.01 

-0.18 

0.22 

0.27 
 

2015 

AANAIZ500 
-0.66*-

0.63** 
-0.68**0.12 0.64*-0.28 0.07-0.48* -0.46 -0.65* 

AANAIV850 

AANAIω500 

0.750.56* 

** 

0.67**0.3

7 

0.74** 

0.35-0.57** 

-0.53* 

-0.70** 

-0.79**-

0.26 

-0.25 

-0.22 

-0.240.08 

0.05 

0.64* 

0.28 

0.72** 

0.46 

2016 

AANAIZ500 
-0.70**-

0.53** 
-0.460.68** 

0.69**0.50*

* 
0.67**-0.42* -0.53* -0.56* 

AANAIV850 

AANAIω500 

0.69**0.4

7* 

 

0.64**0.3

3 

0.46 

0.26-0.66** 

-0.63** 

-0.60** 

-0.80**-

0.43** 

-0.57** 

-0.56* 

-0.450.30 

0.11 

0.47 

0.20 

0.60** 

0.55* 

 

2017 

AANAIZ500 -0.74** -0.57* 0.65** 0.72** -0.66** -0.59* 

AANAIV850 

AANAIω500 

0.17 

0.48 

0.03 

0.40 

0.01 

-0.39 

0.16 

-0.41 

0.12 

0.62* 

0.05 

0.58* 
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Figure 1. The six-hour variation of meanmean PM2.5 concentration over the BTH region (units: μg ⋅ 𝑚−3) in 

December 2014, December 2015 and December 2016in December 2014-2016. The time series (concentrations) 

corresponding to the red/blue lines represent the occurrence time (threshold values) of severe haze/non-haze 

episodes, respectively. 

 

 

 

 

 735 

 

 

 

0

100

200

300

0

100

200

300

1 Dec 7 Dec 13 Dec 19 Dec 25 Dec 31 Dec

0

100

200

300

2016

2015

2014
co

n
ce

n
tr

at
io

n

0

100

200

300

0

100

200

300

1 Dec 7 Dec 13 Dec 19 Dec 25 Dec 31 Dec

0

100

200

300

2016

2015

2014

co
n

ce
n

tr
at

io
n



  



  

Figure 2. Composite distribution of the atmospheric circulation anomalies on severe haze/non-haze episodes. The anomalies 

here wereare calculated with respect to the 1979-2010 climatology. The green (white) box indicates the BTH region (area 

covered by AANAIZ500). (a) Z500 (shading, units: 𝑚2 ⋅ s−2) and U200 (contour, units: m ⋅ s−1) on severe haze episodes; the 

white dots indicate that the Z500 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) Z500 (shading, units: 𝑚2 ⋅ s−2) and U200 (contour, units: m ⋅ s−1) on non-haze episodes; the white dots indicate 

that the Z500 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 wereare calculated with respect to the 1979-2010 climatology. The green (black) box indicates the BTH 

region (area covered by AANAIV850). (a) V850 (arrow, units:  m ⋅ s−1 ) and, PBLH (contour, units: m) and temperature 

inversion potential (T985025-T1000, 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 relative humidityRH (shading, units: %) on 

severe haze episodes; the white dots indicate that the surface relative humidityRH anomalies exceeded the 95% confidence 

level. (c) V850 (arrow, units: m ⋅ s−1), PBLH (contour, units: m) and temperature inversion potential (T985025-T1000, 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 relative humidityRH (shading, units: %) on non-haze episodes; the white dots indicate 

that the surface relative humidityRH anomalies exceeded the 95% confidence level. 
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Figure 4. The six-hour variation of PM2.5 concentration and, surface wind speed, surface relative humidityRH, and TIP 

in December 2014, December 2015 and December 2016December 2014-2016. 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 PM2.5 concentration and all the meteorological data during each 

process.  

 

 

Figure 5. The six-hour variation of PM2.5 concentration, AANAIZ500, AANAIV850, and AANAIω500 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 PM2.5 

concentration and all the AANA indexes during each process. 
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Figure 6. Structure of the AANA in the mid-levels: Z500 (contour, units: 𝑚2 ⋅ s−2) and ω500 (shading, units: 

Pa ⋅ s−1). The anomalies here wereare calculated with respect to the 1979-2010 climatology. The green 

(whitegray) box indicates the BTH region (area covered by AANAIω500). (a) severe haze episodes, (b) non-

haze episodes. The white dots indicate that the ω500 anomalies exceeded the 95% confidence level. 

 

Figure 7. Vertical distribution of temperature advection (units: 10−5K ⋅ s−1) over the BTH region. The 

black line represents the differences between severe haze and non-haze. “ⓧ” indicates that the differences 

of temperature advection between severe haze and non-haze exceeded the 95% confidence level.  
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Figure 7. The differences of temperature changes (units: 10−5K ⋅ 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 line represents the local temperature changes (i.e., 
𝜕𝑇

𝜕𝑡
). The red line represents the horizontal temperature advection 

(i.e., −𝑽 ∙ ∇T). The blue line represents the combined effect of adiabatic compression and vertical advection (i.e., (
κ𝑇

𝑃
−

𝜕𝑇

𝜕𝑃
)ω, κ = 𝑅/𝐶𝑝 = 0.286; Wallace and Hobbs, 2006). The purple line represents the effect of diabatic heating process (i.e., 

𝐽

𝐶𝑝
, 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. 
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Figure 8. Vertical sectioncirculation on severe haze/non-haze episodes (composite anomalies): (a) meridional 



circulation averaged over the AANA Vertical cross section ((115°-125°E) on severe haze episodes  mean) of wind 

anomalies (vertical velocityomega, shading, units: Pa ⋅ s−1 ; the vectors represent the vertical and meridional 

componentswind, arrow, omega magnified 100 times, units: m ⋅ s−1) and PBLH anomalies (contour, units: m) on 

severe haze episodes;; the left coordinate is pressure level and the right coordinate is PBLH anomaly; the white 

dots indicate that the vertical velocity anomaliesomega  anomalies exceeded the 95% confidence level. (b) 

zZonal- vertical circulation averaged over the AANA section (306°-402°N mean) on severe haze episodes  of 

wind anomalies (vertical velocityomega, shading, units: Pa ⋅ s−1 ; the vectors represent the vertical and zonal 

componentswind, arrow, omega magnified 100 times, units:  m ⋅ s−1 ) and relative humidityRH anomalies 

(contour, units: %) on severe haze episodes; the white dots indicate that the RH anomaliesomega  anomalies 

exceeded the 95% confidence level. (c) 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)Vertical cross section (115°-125°E mean) of wind anomalies (omega, shading, units: Pa ⋅ s−1; wind, 

arrow, omega magnified 100 times, units: m ⋅ s−1) and PBLH anomalies (contour, units: m) on non-haze episodes; 

the left coordinate is the pressure level, and the right coordinate is the PBLH anomaly; the white dots indicate that 

the vertical velocity anomaliesomega anomalies exceeded the 95% confidence level. (d) zonal-vertical circulation 

averaged over the AANA (30°-40°N)Zonal vertical section (36°-42°N mean) of wind anomalies on non-haze 

episodes (vertical velocity, shading, units: Pa ⋅ s−1 ; the vectors represent the vertical and zonal 

components)(omega, shading, units: Pa ⋅ s−1 ; wind, arrow, omega magnified 100 times, units:  m ⋅ s−1 ) and 

relative humidityRH (contour, units: %) on non-haze episodes; the white dots indicate that the RH 

anomaliesomega anomalies exceeded the 95% confidence level. The anomalies here are 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 wasis magnified 100 times. 

  



  

Figure 9. Vertical circulationVertical section on severe haze/non-haze episodes (composite synoptic processes): 

(a) meridional circulation averaged over the BTH region Vertical cross section (114°-120°E mean) on severe haze 

episodes (vertical velocity, shading, units: Pa ⋅ s−1 ; the vectors represent the vertical and meridional 

components)of wind (omega, shading, units: Pa ⋅ s−1; wind, arrow, omega magnified 100 times, units: m ⋅ s−1) 

on severe haze episodes; the white dots indicate that vertical velocity omega exceeded the 95% confidence level. 

(b) zonal-vertical circulationZonal vertical section (36°-42°N mean) on severe haze episodes of wind (the vectors 

represent the vertical and zonal componentsarrow, omega magnified 100 times, units: m ⋅ s−1) and the vertical 

transport of westerly momentum (shading, units: 10−53m ⋅ s−2) on severe haze episodes; the white dots indicate 

that the vertical transport of westerly momentum exceeded the 95% confidence level. (c) meridional circulation 

averaged over the BTH region (114°-120°E) on non-haze episodesVertical cross section (114°-120°E mean) of 

wind (vertical velocity, shading, units: Pa ⋅ s−1 ; the vectors represent the vertical and meridional 

components)(omega, shading, units: Pa ⋅ s−1; wind, arrow, omega magnified 100 times, units: m ⋅ s−1) on non-

haze episodes; the white dots indicate that vertical velocity omega exceeded the 95% confidence level. (d) zonal-

vertical circulation (36°-42°N mean) on non-haze episodesZonal vertical section (36°-42°N mean) of wind  (the 

vectors represent the vertical and zonal componentsarrow, omega magnified 100 times, units: m ⋅ s−1) and the 

vertical transport of westerly momentum (shading, units: 10−35m ⋅ s−2) on non-haze episodes; 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 wais magnified 

100 times.  

 



  

 

 



 

 

 

 



 

 

 

 



  

Figure 10. Evolution of the AANA on severe haze episodes (a-g) and non-haze episodes (h-n): Z500 

(shadingcontour, units: 𝑚2 ⋅ s−2), V850 (arrow, units: m ⋅ s−1) and ω500 (shading, units: Pa ⋅ s−1) and wind at 850 

hPa (arrow, units: m ⋅ s−1). The anomalies here wereare 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, and black and gray boxes indicateindicate the BTH region 

and the areas covered by AANAIZ500 and AANAIV850 ,and AANAIω500 , respectively.  

 



 

 

Figure 11. Structure of the AANA on (a) severe haze episodes and (b) non-haze episodes in December 2017: Z500 (contour, 

units: 𝑚2 ⋅ s−2), V850 (arrow, units: m ⋅ s−1) and ω500 (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 AANAIZ500 AANAIV850 and AANAIω500, respectively. 

 

Supplement  



 

Figure S1. The 1979-2010 climatology of the local meridional circulation (114°-120°E mean). Omega, shading, units: 

Pa ⋅ s−1; wind, arrow, omega magnified 100 times, units: m ⋅ s−1. To make the horizontal velocity and the vertical velocity 

in the same order, the vertical velocity (omega) here is magnified 100 times. 
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