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16 Abstract: This paper aims to identify the meteorological conditions of severe foggy haze events that
17 frequently occurred over North China. We analyzed data collected at 162 ground observation stations
18 operated by China Meteorological Administration (CMA), as well as data from National Centers
19 Environmental Prediction (NCEP) over North China from December 1, 2016 to January 9, 2017. During this
20 period, more than 72% of the regional mean atmospheric visibility was less than 10 km, with a minimum of
21 1.15 km. The analysis on atmospheric background fields revealed that during the pollution
22 development-maintenance period there were southerlies and lower wind speed in the lower troposphere
23 compared to that during the pollution dissipation period. Slow southerlies transported the southern pollutants
24 to North China, while high pressure system at the 500 hPa level and increasing temperature (caused by air
25 pollutant absorbed radiation) at 850 hPa suppressed the convection and led to pollutants accumulation over
26 the ground. During the pollution dissipation period, there were northerlies and higher wind speed , and the fast
27  northerlies quickly transported the pollutants. The analysis on the dynamic and thermodynamic effect
28 suggests that the smaller horizontal wind vertical shear is attributed to 500 hPa decreased wind speed. The air
29 pollutant warming effect on 850 hPa from absorbed solar radiation and cooling effect on near surface from
30 reduced radiation near surface could lead to a larger correlation between atmospheric visibility and
31  thermodynamic conditions for more than 76%. This coupling structure between air pollutant and
32  thermodynamic situation provide favorable conditions for foggy haze events under air pollutant transport and
33 weak vertical exchange conditions. Therefore, in order to predict foggy haze episodes in North China, we
34 need to better understand its dynamics, especially for decreased middle level wind speed and lower level
35  south flow.

36 Keywords: Foggy haze episodes; Meteorological conditions; North China; 2016-2017 winter

37 High light: slow southerlies near the surface; high pressure system at the 500 hPa; 500 hPa decreased wind

38 speed caused weak horizontal wind vertical shear; air pollutant and thermodynamic conditions coupling
39 structures.
40

41 1. Introduction

42 With increasing pollution sources from rapid urbanization and massive industrial production, foggy haze
43  events, which cause low atmospheric visibility [1] and are mainly caused by particle matter (PM) [2], are
44 becoming more frequent and severe in North China [3-4]. This serious environmental problem is even worse
45  when coal is used for heating during the winter seasons [5-6]. So that, we should do more study on foggy haze
46 process to reduce these increasing air pollution events.

a7 Numerous studies investigated the pollution emission and transportation episodes together with the
48 corresponding meteorological conditions in North China [7-12], and they found out the favorable
49 meteorological conditions for haze events include low surface wind [4, 13], low planetary boundary layer
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height [14-17], high relative humidity [18-20], strong temperature inversion [20-23], high pressure ridge, and
much subsidence [23-24]. It was also implied that stable planetary boundary layer is conducive to the
formation of haze [14, 16, 25]. In addition, the characteristics of the terrain in North China also play an
important role. For instance, the location of Yan, Taihang mountains and the pollution sources in south areas
led to more severe air pollution events when southerly winds prevail. [5, 8-11, 26-28]. Despite these known
causal conditions, the dynamic and thermodynamic factors for foggy haze episodes in North China are not
clear. To this end, we discuss the meteorological conditions here to determine the significant meteorological
factors in foggy haze episode, which could be the theory basis of air pollution prediction and pollution
control.

The objective of this paper is to quantify the impact of meteorological conditions on foggy haze episodes
in North China by using daily ground observations and the NCEP final analysis (FNL) in North China from
December 1, 2016 to January 9, 2017. The observational data and methods used are described in Section 2 of
this study. Section 3 compares the mean synoptic situations during pollution development-maintenance and
dissipation periods. Section 4 investigates the impact of meteorological factors, including dynamic and
thermodynamic effect, on the daily evolution of foggy haze episodes. Section 5 discuss the evolution rule for
meteorological conditions and air pollution process. Finally, the concluding remarks are given in Section 6.

2. Materials

2.1. Data

In this paper, we define area within 37-41N and 114-119.5E as North China (Figure 1). The
following data were used: (1) Daily ground data collected at 162 China Meteorological Administration
observational stations over North China from December 1, 2016 to January 9, 2017 and (2) NCEP FNL data
in North China from December 1, 2016 to January 9, 2017, with a horizontal resolution of 1<1<and a
vertical resolution of 31 levels from 1000 hPa to 1 hPa. The ground observation data, including surface wind
speed, wind direction, air temperature, relative humidity and atmospheric visibility, as well as FNL data were
collected 4 times a day at 0200, 0800, 1400, and 2000 (Beijing time), respectively. Considering the significant
correlation between air pollutants and atmospheric visibility[29], the variation of atmospheric visibility was
used to reflect the evolution of foggy haze episodes in this study.
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Hebei Tianjin Shanxi Shaanxi
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Figure 1. Map of North China, the locations of 162 observational stations are shown as black points. The black
box represents the area of 37-41N, 114-119.5<E.

2.2. Methods
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In this study, we use the time average method to compare the mean synoptic patterns between air
pollution development-maintenance and dissipation periods. In addition, the spatial mean method was also
used to analyse the variation of weather conditions over North China during the observation period. Further,
the correlation analysis and multivariate linear regression were applied to quantify the impact of weather
conditions on the evolution of foggy haze episodes. In order to quantify the impact of dynamic and
thermodynamic effects, a variety of indicators were discussed herein, including surface wind speed, vertical
wind shear, dew-point deficit, vertical difference of pseudo-equivalent potential temperature, vertical
difference of air temperature, K and A index. Both the K index and A index are applied to characterize the
thermodynamic instability of atmosphere [30], and can be calculated through:

K= (Tsso - Tsoo ) + Td 850 (T - Td )700 (l)
A= (Tsso _Tsoo ) - [(T _Td )350 + (T _Td )700 + (T _Td )soo] (2)

where T and T, are air temperature and dewpoint, respectively. The subscripts 850, 700, and 500
represent 850, 700, and 500 hPa, respectively.

3. Weather Background

The regional mean of surface wind speed, wind direction, air temperature, relative humidity and
atmospheric visibility during the study period were presented in Figure 2. According to Figure 2a, we can find
that the surface wind speed was relatively low with the maximum and mean wind speed of 3.56 ms™* (at 1400
on December 5, 2016) and 0.76 ms?, respectively. Figure 2b reveals that the east (4521359, south
(1352259, west (22523159 and north wind (0290 <and 315<360< account for 14.06%, 27.40%, 18.12%
and 40.31% of the regional mean surface wind directions during observation period, respectively. The
regional mean air temperature (see Figure 2c) and relative humidity (see Figure 2d) both significantly varied
with a diurnal circle, and the daily maximum (minimum) often occurred at about 1600 (0800) for air
temperature while the opposite for relative humidity. The maximum, minimum and mean of regional mean air
temperature (relative humidity) were 10.25 <C at 1500 on December 2, 2016 (94.59% at 0600 on December
20, 2016), -9.26 T at 0800 on December 29, 2016 (24.26% at 1400 on December 1, 2016) and -0.56 <C
(71.66%), respectively. Figure 2e shows the variation of atmospheric visibility, and more than 72.81% of
visibility was lower than 10 km, which was implied to foggy haze episodes [29]. The visibility reached the
minimum of 1.15 km (at 1500 on December 31, 2016) during air pollution period and increase to 24.80 km (at
1300 on December 9, 2016) for clean days. Combined with the variation of relative humidity presented in
Figure 2d, we can concluded that the daily peak of relative humidity had an opposite variation compared to
that of visibility. In other words, the daily maximum of relative humidity mainly corresponded to the daily
minimum visibility.
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Figure 2. Temporal variations of regional mean (a) surface wind speed, (b) surface wind direction, (c) air
temperature, (d) relative humidity, and (e) atmospheric visibility from December 1, 2016 to January 9, 2017
(Beijing time). The dashed line in (e) represents the 10 km visibility. The pollution development-maintenance
and dissipation periods which are discussed in Section 3.1 are marked in yellow and blue, respectively.

Considering the significant correlation between atmospheric visibility and air pollution episodes, the air
pollution development-maintenance period and dissipation period were categorized according to the
decreasing and increasing trend of atmospheric visibility, respectively. The air pollution
development-maintenance period started from the maximum visibility before a foggy haze process and ended
when the visibility reached its minimum, and then it stabilized at around minimum with variation less than 2
km. In other words, the decreasing period (from maximum to minimum visibility) and the period that
visibility increase from minimum to minimum+2km both belong to the air pollution
development-maintenance period. The dissipation period started when the development-maintenance period
ended, and continued until the visibility reached its maximum. To eliminate the effect of short-time pollution,
pollution episodes with visibility smaller than 10 km and last for more than 12 hours were considered. During
the observation period, there were 10 air pollution episodes, and the pollution development-maintenance and
dissipation periods were marked in yellow and blue in Figure 2e, respectively. The corresponding mean wind
speed, wind direction, air temperature, relative humidity and visibility for the 10 air pollution episodes were
presented in Table 1. We found that the prevailed southern wind during the pollution
development-maintenance period was lower in most pollution episodes, and during the air pollution
dissipation period, there were always higher north wind. As for the 4th and 10th pollution episodes, the winds
were too low, so the effects of wind directions were negligible. Owing to the weak radiation [31-33] during
foggy haze episodes, the averaged near surface air temperature was smaller during pollution
development-maintenance periods than during pollution dissipation periods. The relative humidity was
usually larger during air pollution development-maintenance periods [3, 25]. In this study, there were 8 out of
10 pollution episodes (the 2ed-7th and 9th-10th episodes) that had larger mean relative humidity, and 6 of
them showed a difference of mean relative humidity over 10% between pollution development-maintenance
and dissipation periods. Therefore, during this observation period, the impact of relative humidity on foggy
haze episodes was significant near the surface. The mean atmospheric visibility is often smaller under
pollution development-maintenance stage than under dissipation stage, but there are 2 pollution episodes that
have larger averged atmopheric visibility (>10 km) during air pollution development-maintenane periods.
This could be caused by the short time intervals and the large maximum visibility at the beginning of the 2
pollution development-maintenane periods.

Table 1. The occurrence date, mean wind speed (WSavg), wind direction (WD), air temperature (tavg), relative humidity
(RHavg) and atmospheric visibility (VISavg) for 10 air pollution episodes. The variables during air pollution dissipation
period were showed in bracket.

Air pollution development-maintenance periods (dissipation periods)

Date (Beijing time) Wsayg (Ms™) WD (9 tavg (T) RHavg (%)  VISayqg (km)
1 Dec. 13:00 — 4 Dec. 13:00 0.43 214.65 2.68 67.64 6.77
(4 Dec. 13:00 — 5 Dec. 16:00) (1.38) (8.93) (3.02) (68.31) (9.89)
5 Dec. 16:00 — 7 Dec. 10:00 0.60 239.14 0.62 60.58 9.78
(7 Dec. 10:00 — 7 Dec. 15:00) (0.51) (136.98) (6.93) (46.21) (11.56)
7 Dec. 15:00 — 8 Dec. 10:00 0.54 175.54 2.14 69.06 6.39
(8 Dec. 10:00 — 9 Dec. 15:00) (1.23) (358.20) (2.42) (43.99) (18.54)




149

150

151
152
153
154
155
156
157
158
159
160
161
162
163
164
165

9 Dec. 15:00 — 10 Dec. 09:00 0.13 13.11 -2.96 65.31 10.83

(10 Dec. 09:00 — 10 Dec. 15:00) (0.07) (248.22) (2.47) (47.91) (12.60)
10 Dec. 15:00 — 12 Dec. 14:00 0.14 111.30 0.41 71.04 5.26
(12 Dec. 14:00 — 14 Dec. 13:00) (1.18) (34.58) (-0.35) (61.95) (13.22)
15 Dec. 16:00 — 21 Dec. 23:00 0.13 223.77 -0.68 77.92 4.18
(21 Dec. 23:00 — 23 Dec. 15:00) (0.92) (346.93) (-0.40) (63.30) (13.33)
23 Dec. 15:00 — 24 Dec. 10:00 0.47 124.00 -2.80 64.19 10.35
(24 Dec. 10:00 — 24 Dec. 14:00) (0.99) (161.75) (1.15) (53.88) (10.00)
24 Dec. 14:00 — 26 Dec. 04:00 0.12 120.54 -0.44 74.22 4.91
(26 Dec. 04:00 — 26 Dec. 15:00) (1.68) (27.35) (-0.22) (78.80) (9.56)
27 Dec. 15:00 — 28 Dec. 10:00 0.68 207.98 -4.48 74.36 7.11
(28 Dec. 10:00 — 28 Dec. 16:00) (1.23) (327.83) (-1.57) (63.90) (9.74)
29 Dec. 14:00 — 8 Jan. 0000 0.05 303.24 -1.65 82.97 3.34

(8 Jan. 00:00 — 9 Jan. 14:00) (0.91) (307.25) (-0.87) (78.28) (9.30)

Average of all pollution

development-maintenance periods 0.22 193.83 -0.72 70.73 6.89

(Average of all pollution

dissipation periods) (0.62) (5.71) (1.26) (60.65) (11.77)

3.1. Synoptic Situation

Depending on the visibility variation (see Figure 2¢), the averaged synoptic weather situations under
pollution development-maintenance and dissipation periods were calculated (as presented Figures 3-5) to
explore the influence of the synoptic situation. The mean geopotential heights, air temperature and winds in
middle troposphere (500 hPa) were shown in Figures 3a (development-maintenance period) and 3b
(dissipation period). It can be seen that westerlies and northwesterlies prevailed in middle troposphere during
air pollution development-maintenance and dissipation periods, respectively. The synoptic difference between
these two periods, as presented in Figure 3c, showed that the difference of geopotential height, wind speed
and air temperature in North China have positive, negative and positive effects, respectively. The positive
geopotential height difference indicated a higher pressure in North China during development-maintenance
period. Usually, the higher pressure and weak convection were often conducive to the formation of air
pollution [23-24]. In this study, the middle troposphere higher pressure could weaken cold advection, which
may be not the key factor for increasing temperature discussed later in section 3.2 and was caused by north
wind, to increase the temperature in middle troposphere (1-4 <C air temperature increment showed in Figure
3c). Then the reduced temperature gradient can suppress convection and eventually contribute to the
pollutants accumulation under near surface[34].
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Figure 3. Averaged geopotential heights (black lines; units: gpm), air temperature (shadings; units: <C) and
winds (blue vectors) at 500 hPa during (a) air pollution development-maintenance and (b) dissipation periods.
The geopotential height (black lines; units: gpm), wind speed (red lines; units: ms?) and air temperature
(shadings; units: <C) difference between two periods at 500 hPa were showed in Figure 3c. Real and dotted
red lines are for positive and negative anomalies, respectively.

Figures 4a and Figure 4b showed the mean geopotential heights, air temperature and winds in lower
troposphere (925 hPa) under pollution development-maintenance and dissipation periods, respectively. As
presented in Figure 4, there was a high-pressure system to the southeast of North China and the southerlies
prevailed when pollution aggravated. During the pollution dissipation period, a high-pressure system was at
the northwest of North China, and the higher north wind prevailed in North China. The synoptic difference
between these two periods (Figure 4c) showed the negative and positive wind speed and air temperature
difference in North China, respectively. In other words, there were northerlies and higher wind speed when air
pollution dissipated and southerlies and lower wind speed when pollution aggravated and maintained in North
China. Considering the amount of industries and pollution sources to the south of North China [10, 27], the
lower south wind could transport the pollutants from south to North China and then accumulate here. This
phenomenon in North China has been confirmed by previous studies [11, 28]. Additionally, the positive air
temperature difference (1-3 <C) indicated a warm advection in lower troposphere during air pollution
development-maintenance period.
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192

193 Figures 5a and Figure 5b showed the mean 925 hPa relative humidity and 10m winds under pollution

194 development-maintenance and dissipation periods, respectively. Similar to the winds at 925 hPa, southerlies
195  and lower wind (higher northerlies) prevailed when air pollution aggravated and maintained (dissipated).
196  These situations were confirmed by Figure 5c which showed the difference between air pollution
197 development-maintenance and dissipation periods. The mean relative humidity difference was about -10% to
198 -20% in North China, and it indicated a lower relative humidity in 925 hPa in North China during air pollution
199 development-maintenance period. As the saturated vapor pressure increases with increasing air temperature,
200  this smaller relative humidity may be caused by the strong warm advection in lower troposphere (see Figure
201 4c) when pollution developed[35]. From the above analysis, the joint influence of higher pressure in middle
202 troposphere and southern wind in lower troposphere led to the foggy haze episodes.
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Figure 5. The mean 925 hPa relative humidity (shadings; units: %) and 10m winds (blue vectors) under (a)
pollution development and (b) dissipation period. The mean 925 hPa relative humidity (shadings; units: %)
and 10m winds (blue vectors) difference between two periods was showed in Figure 5c. Real and dotted red
lines are for positive and negative anomalies, respectively.

3.2. Vertical Profiles

In order to reveal the vertical structures of atmospheric background fields, the vertical distribution of
regional mean horizontal wind speed (see Figure 6a), air temperature (see Figure 6b) relative humidity (see
Figure 6c) and the difference of these three variables (see Figure 6d, 6e and 6f) between air pollution
development-maintenance and dissipation periods were investigated. According to Figure 6a, under both air
pollution development-maintenance and dissipation stages, the zonal wind was westerly and increased with
height. The zonal wind speed difference between pollution development-maintenance and dissipation stages
was positive below 750 hPa while negative from 700 hPa to 150 hPa. During air pollution development period,
the southern meridional wind gradually decreased with the height increasing and turned to north at 800 hPa.
While under air pollution dissipation stage, the northern meridional wind increased from 3.52 ms? at 1000
hPa to 7.20 ms* at 800 hPa and then almost stayed at 7.50 ms™* from 800 to 300 hPa. The air temperature was
higher below 300 hPa during pollution development-maintenance period. The relative humidity profiles
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showed an opposite variation for two stages below 900 hPa, that is the relative humidity decreased with height
during development-maintenance period while increased with height for dissipation stage.

Figure 6d showed the negative wind speed difference between two stages, and the maximum and
minimum difference was -6.37 ms™ at 400 hPa and -0.28 ms* at 150 hPa, respectively. From 1000 hPa to 900
hPa (lower troposphere) and from 400 hPa to 150 hPa (higher troposphere), the wind speed difference
decreased with height, while from 900 hPa to 400 hPa, the difference increased with height. Combining the
results presented in Figure 4a, the height-decreasing difference between two stages below 900 hPa was mainly
caused by the height-increasing western zonal wind during air pollution development-maintenance period.
During this period, the lower south wind speed in troposphere especially in the lower troposphere transported
the southern pollutants north and was conducive to its accumulation here[10]. The higher wind speed was
conducive to the dissipation of pollution.

The vertical distribution of regional mean air temperature (see Figure 6e) difference between air
pollution development-maintenance and dissipation periods showed the positive values below 300 hPa with a
maximum of 546 <C at 800 hPa. Combined with the wind profile presented in Figure 6a, the
height-decreasing south wind speed should introduce a height-decreasing warm advection. However, there is
a height-increasing temperature difference below 800 hPa. Considering the air pollutant solar radiation
absorbing effect, the near surface weak radiation condition as well as upper atmosphere larger radiation both
help form this temperature inversion during the pollution development-maintenance period. The peak
difference corresponded to the meridional wind shift and less pollutant upon atmosphere boundary layer. The
height-increasing temperature difference below 800 hPa implied a more stable lower troposphere, and
suppressed the convection during pollution development-maintenance period. This weakened convection was
conducive to the accumulation of pollutants near the surface[34].

The vertical distribution of regional mean relative humidity (Figure 6f) difference between air pollution
development-maintenance and dissipation periods shows the negative values below 400 hPa with the
maximum of 16.67% at 850 hPa. The south wind usually transported the humid and warm air mass and
increased the relative humidity. In this study, the increased relative humidity difference between two stages
was conducted by weakened water vapor support caused by weakened south meridional wind, as well as
increased saturated vapor pressure caused by increased air temperature. The negative relative humidity
difference in troposphere between two stages indicated the slight influence of water vapor conditions on the
foggy haze episodes during observation period. Therefore, although as pointed out in previous studies that
high relative humidity is more inclined to form haze [8, 20], this study found that the wind and temperature
conditions are sometimes more decisive for the haze formation in North China.
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Figure 6. Vertical distributions of (a) horizontal wind (the U and V represent the zonal wind and meridional
wind, respectively), (b) air temperature, and (c) relative humidity during air pollution
development-maintenance and dissipation periods. The wind speed, air temperature, and relative humidity
difference between two stages was showed in (d), (€), and (f), respectively.

4 Impact of Meteorological Factors

In order to investigate the the impacts of weather condition on the evolution of foggy haze episodes, we
studied the meteorological conditions, including dynamic effect and thermodynamic effect, from December 1,
2016 to January 9, 2017 in this section.

4.1. Dynamic Effect

The surface wind and vertical shear of horizontal wind represent the outward horizontal transport and the
vertical diffusion capacity, respectively. To identify the dynamic effect on the evolution of foggy haze
episodes, this section presented the daily evolution of surface wind speed (Figure 7a) and the vertical shear of
horizontal wind between 850 hPa and 500 hPa (Figure 7b) as well as the atmospheric visibility in Figure 7.
The surface wind speed shows a small correlation coefficient of 0.31 with the atmospheric visibility, which is
below the 0.05 confidence level. Meanwhile the vertical shear of horizontal wind between 850 hPa and 500
hPa shows a correlation coefficient of 0.33 with atmospheric visibility, and it slightly exceeds 0.05 confidence
level. The higher wind speed or stronger vertical shear transport the pollutants outward, reduce the ground
pollutants concentration and increase atmospheric visibility; while lower wind speed or weaker vertical shear
with weaker transportation capacity make the pollutants accumulate near surface and decrease the
atmospheric visibility[6].
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Figure 7. Daily evolutions of the surface wind speed (a) and vertical shear of horizontal winds (b) between
500 and 850 hPa as well as atmospheric visibility (black lines) averaged in North China from December 1,
2016 to January 9, 2017 (Beijing time).

4.2. Thermodynamic Effect

Both K and A indexes are the major indicators frequently used in weather forecast operations to
determine the stability of atmospheric stratification [30]. To identify the thermodynamic impacts, the daily
evolution of K index (Figure 8a) and A index (Figure 8b) as well as atmospheric visibility were investigated.
It is apparent that the K index shows a negative correlation coefficient of -0.33 (slightly exceeding 0.05
confidence level) with atmospheric visibility. while the A index shows a poor correlation with atmospheric
visibility (correlation coefficient of -0.06). Due to the stability of middle and lower troposphere stratification
that reflected by K index, the negative correlation between K index and atmospheric visibility indicates the
more unstable the middle and lower troposphere, the smaller the near surface visibility. Considering that the A
index indicates not only the stability but also the water vapor saturation conditions in the middle and lower
troposphere (as shown in equation 2), the poor correlation between A index and atmospheric visibility should
be caused by the insigfinicant influence of water vapor conditions in this foggy haze episodes.

W T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 71
10 _(a) R=-0.33 —=—K index —=— Visibility

K index
Visibility (km)

WrFr—T—T T 7T T 7T 7T T 7T T T T T T T T T T T T T T T T 1T 1T T 1 1 T 1T T T 1 1%
(b) -0, —=— A index —*—Vi

20
-10

-20

A index
Visibility (km)

-30

-40

T3} N T N N T T T T T S T P
1 6 11 16 21 26 311 5
Dec.2016 Jan.2017

Figure 8. Daily evolutions of K index (a) and A index (b) as well as atmospheric visibility (black lines)
averaged in North China from December 1, 2016 to 9 January 9, 2017 (Beijing time).
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Figure 9 showed the daily evolution of vertical difference of the pseudo-equivalent potential temperature
between 850 and 1000 hPa (Figure 9a), dewpoint deficit at 925 hPa (Figure 9b) and the vertical difference of
air temperature between 925 and 1000 hPa (Figure 9c) as well as atmospheric visibility. The
pseudo-equivalent potential temperature gradient and air temperature gradient show negative correlation (both
exceed 0.01 confidence level) with atmospheric visibility, with correlation coefficients of -0.73 and -0.73,
respectively. Whereas the dewpoint deficit shows poor correlation with atmospheric visibility. Due to the
lower troposphere stability reflected by pseudo-equivalent potential temperature gradient (between 850 and
1000 hPa) and air temperature gradient (between 925 and 1000 hPa), the negative correlation implies the
more stable the lower troposphere, the smaller the atmospheric visibility. It reflects the thermodynamic
convection influences the near surface pollutants accumulation. Considering the water vapor conditions
indicated by dewpoint deficit at 925 hPa, the water vapor conditions played an “less important™ role in these

pollution episodes.
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Figure 9. Daily evolutions of vertical difference of pseudo-equivalent potential temperature (a) between 850
and 1000 hPa, dewpoint deficit at 925 hPa (b) and the vertical difference of air temperature between 925 and
1000 hPa (c) as well as atmospheric visibility (black lines) averaged in North China from December 1, 2016 to
January 9, 2017 (Beijing time).

4.3. Regression Analysis of Meteorological Factors

In order to further quantify the influence of the meteorological conditions on the evolution of the air
pollution episodes, we used the multiple linear regression method to quantify the impact of meteorological
dynamic and thermodynamic effect in Figure 10. The daily variation of visibility calculated by regression
equation based on dynamic and thermodynamic factors matches very well with the observed visibility as the
determination coefficient is 0.79. additionally, there is a poor (good) consistency between dynamic-regressed
(thermodynamic-regressed) and observed visibility with the determination coefficient of 0.18 (0.76). These
regressed results indicate that the daily variation of the visibility regressed from meteorological factors can
effectively explain approximately 79% daily variation of observed visibility. While approximately 76%
atmospheric visibility variation can be attributed to the thermodynamic effect, and dynamic effect has a small
contribution to the evolution of pollution episodes.
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Figure 10. Daily variation of linearly regressed visibility by multivariate of the dynamic and thermodynamic
meteorological factors and observed visibility averaged in North China from December 1, 2016 to January 9,
2017 (Beijing time).

5. Meteorological Factors Evolution

The above analysis on dynamic and thermodynamic conditions reflects the significant or slight
synchronization between meteorological factors and atmospheric visibility during foggy haze episodes in
North China. However, it is unclear how the meteorological factors affect the air pollution process and what
the key processes for the occurrence of foggy haze episodes are. To this end, here we focus on one air
pollution episode during December 15 to 23, 2017 with less atmospheric visibility variation during air
pollution period.

5.1. Meteorological Conditions Analysis

Figure 11 displayed the 500-850 hPa horizontal wind vertical shear (Figure 11 a-c), 850-1000 hPa
pseudo-equivalent potential temperature gradient (Figure 11 d-e) and relative humidity at 925 hPa (Figure 11
f-h) with surface wind and atmospheric visibility on the development (1400 on December 15), maintenance
(1400 on December 19) and dissipation (1400 on December 22) stage of foggy haze episode, respectively.
The data at noon were selected based on the well-developed boundary layer. In contrast to the values (16-22
ms? and 0-2 K) at 1400 on December 15, the markedly reduced wind shear (10-16 ms™) and increased
pseudo-equivalent temperature gradient (2-6 K) at 1400 on December 19, unfolded the significantly different
meteorological conditions between air pollution day and clean days. This is consistent with the positive
(negative) correlation between wind shear (pseudo-equivalent potential temperature gradient) and atmospheric
visibility showed in Figure 7 and Figure 9. However, the relative humidity did not display a significant
evolution tendency for the near stable values of 30-60% on December 15 and 19. This phenomenon again
proves the slight influence of humidity on this foggy haze episode.
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Figure 11. The 500-850 hPa horizontal wind vertical shear (a-c, ms™), 850-1000 hPa pseudo-equivalent
potential temperature difference (d-e, K) and relative humidity at 925 hPa (f-h, %) with surface wind and
atmospheric visibility on the development (1400 December 15, left panels), maintenance (1400 December 19,
centre panels) and dissipation (1400 December 22, right panels) stage of foggy haze episode in North China
from December 15 to 23, 2016 (Beijing time).
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We explored the main cause for the markedly reduced wind shear on foggy haze maintenance period in
Figure 12, it present the 500 hPa (Figure 12 a-c) and 850 hPa (Figure 12 d-f) wind speed at 1400 on
December 15, 19 and 22. We found that two level wind speed both reduced from 24-26 ms™* at 500 hPa and
6-10 ms? at 850 hPa (1400 December 15) to 12-20 ms* and 2-6 ms™* (1400 December 19), respectively.
However, the wind speed at 500 hPa decreased more significantly compared to that in the lower level. This
wind reduction indicated that the decreased horizontal wind vertical shear was mainly caused by the
decreased middle level wind speed, which is also shown in Figure 3. This reduced wind shear as well as the
reduced lower wind speed both favor the accumulation of near surface air pollutant and contribute to the
occurrence of air pollution events.

Similarity, Figure 13 showed the pseudo-equivalent potential temperature at 850 hPa (Figure 13 a-c) and
1000 hPa (Figure 13 d-f) with atmospheric visibility at 1400 on December 15, 19 and 22. Also, both the two
level pseudo-equivalent potential temperature increased with the values from around 274-282 K (850 hPa)
and 274-282 K (1000 hPa) on December 15 to the values of 290-292 K (850 hPa) and 282-292 K (1000 hPa)
on December 19. Additionally, the values at 850 hPa increased more significantly than those at 1000 hPa. To
further investigate the cause of the evaluation of pseudo-equivalent potential temperature, Figure 14-15
showed the air temperature (Figure 14) and specific humidity (Figure 15), which are factors of the
pseudo-equivalent potential temperature, at 850 hPa (a-c) and 1000 hPa (d-f) with atmospheric visibility at
1400 on December 15, 19 and 22. Similar to pseudo-equivalent potential temperature, the air temperature also
showed significant decreasing trend from 260-268 K (850 hPa) and 270-278 K (1000 hPa) at 1400 on
December 15 to 272-276 K (850 hPa) and 278-282 K (1000 hPa) at 1400 on December 19. While the specific
humidity also increased from 0.8-1.6 g kg (850 hPa) and 1.0-2.0 g kg (1000 hPa) on December 15 to
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1.2-1.8 g kg* (850 hPa) and 1.6-3.8 g kg (1000 hPa) on December 19. The larger intensification of
pseudo-equivalent potential temperature at 850 hPa is attributed to greater air temperature increase and less
specific humidity increase. While the smaller increasing of pseudo-equivalent potential temperature at 1000
hPa is attributed to the small air temperature increase and greater specific humidity increase. Therefore, the
greater intensification of pseudo-equivalent potential temperature at 850 hPa is mainly controlled by the air
temperature increase. In other words, the increased pseudo-equivalent potential temperature gradient at air
pollution period could be attributed to the air temperature change. Meanwhile, the air temperature situation is
mostly changed by the air pollutant absorb radiation effect discussed in section 3 (Figure 3-6), so that the
increased pseudo-equivalent potential temperature gradient is introduced by air pollutant accumulation. The
increasing concentration corresponds to a more stable structure with greater pseudo-equivalent potential
temperature gradient.
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Figure 12. The 500 hPa (a-c) and 850 hPa (d-f) wind speed (ms™) as well as atmospheric visibility at 1400 on
December 15 (left panels), 19 (centre panels) and 22 (right panels), 2016 in North China.
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Figure 13. The pseudo-equivalent potential temperature (K) at 850 hPa (a-c) and 1000 hPa (d-f) with visibility
at 1400 on December 15 (left panels), 19 (centre panels) and 22 (right panels), 2016 in North China.
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Figure 15. Similar to Figure 13, but for specific humidity (0.1 g kg™).

5.2. Meteorological Conditions Evolution

The above analysis reveals certain meteorological situation that corresponds to different evaluation stage
for air pollution events. However, the evolution for meteorological conditions and foggy haze process is not
clear yet. To explore this, the past 6-hour change of meteorological factors as well as the change of
atmospheric visibility on the development (December 15), maintenance (December 18-21 with more than
80% ground station got visibility less than 2km) and dissipation (December 22) of foggy haze episode are
discussed below.

The past 6-hour change of horizontal wind vertical shear (CWSH) as well as the change of atmospheric
visibility (CAV) are showed in Figure 16. The development (at 2000 on December 15) and dissipation (at
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1400 on December 22) stage of air pollution process is displayed in Figure 16 a-i, respectively. The variable
change during air pollution maintenance period (from 1400 December 18 to 0200 December 21 with time
interval of 12 hours) is shown in Figure 16 b-h. CWSH almost equal to zero during air pollution maintenance
times despite the significant duration of visibility change (around 1 km at noon and -1 km at midnight), which
indicates the diurnal variation of air pollutant concentration. Both at the beginning and end of an air pollution
episode, CWSH showed an opposite trend to CAV, as the CWSH increased with CAV decrease at 2000 on
December 15 and reduced with increased CAV at 1400 on December 22. This phenomenon is discrepant to
the find on above section that wind shear decreased during pollution period. This contradiction may be
introduced by the rapidly reduced/increased 850 hPa wind speed. In the beginning (pollution dissipation
period), the 850 hPa wind speed decreased (increased) more rapidly than the wind speed at 500 hPa, and it
caused the CWSH increase in the beginning and decrease in the end.
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Figure 16. The past 6-hour change of horizontal wind vertical shear (ms™) and atmospheric visibility (km) in
North China at 2000 on December 15 (a), December 18 1400 to December 21 0200 with time interval of 12
hours (b-i) and at 1400 on December 22 (j).

In contrast to the CWSH, the past 6-hour change of pseudo-equivalent potential temperature gradient
(between 850 hPa and 1000 hPa, CPT) increased at air pollution in the beginning (Figure 17 a) while
decreased during the pollution dissipation period (figure 17 i). This is consistent with the conclusions drawn
in section 5.1. During foggy haze maintenance period shown in Figure 17 b-h, the CPT mostly reflected a
inverse proportion to the CAV. In other words, the increased CPT always corresponded to decreased CAV,
while decreased CPT corresponded to increased CAV. The only exception was for 0200 on December 20,
which could be caused by the insignificant air temperature duration on this day (showed in Figure 2 c). The
insignificant air temperature daily duration cut down the daily duration of visibility and the thermodynamic
conditions. Nevertheless, on the other polluted day, the inverse correlation between CPT and CAV indicated
the coupling thermodynamic conditions during foggy haze maintenance period. This can explain the
significant correlation between daily evolutions of vertical difference of the pseudo-equivalent potential
temperature gradient and atmospheric visibility shown in Figure 9.
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432 Figure 17. The past 6-hour change of pseudo-equivalent potential temperature gradient (K) and atmospheric
433 visibility (km) in North China at 2000 on December 15 (a), December 18 1400 to December 21 0200 with
434 time interval of 12 hours (b-i) and at 1400 on December 22 (j).
435 To further explore the key factor that affect the CPT during the pollution period, we analyzed the air

436 temperature at 850 hPa and 1000 hPa as the slightly influence of specific humidity that found above. Figure
437  18-19 display the past 6-hour change of 1000 hPa (CT1000) and 850 hPa air temperatures (CT850) as well as
438  the change of atmospheric visibility. At the foggy haze development stage, the increased CT850 with the
439  decreased CAV demonstrate the warm effect of air pollutant once again with the slightly warm advection
440 determined previously. At the same time, the decreased CT1000 indicates the radiation reduction effect of air
441  pollutant. Similar to CPT, the CT1000 also showed an opposite correlation to CAV while CT850 did not. This
442  significant (slightly) correlation between CT1000 (CT850) and CAV indicates that the significant correlation
443 between CPT and CAV may be caused by CT1000, which means that the near surface air temperature
444 controlled the thermodynamic conditions on the evolution of foggy haze episodes. The air pollutant affects the
445 air temperature not only at near surface but also at middle and lower level [31-33], so this coupling air
446  temperature and air pollutant structures creates appropriate thermodynamic conditions to foggy haze events
447  with the atmospheric visibility less than 2 km.
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Figure 18. Similar to Figure 17 but for air temperature (K) at 850 hPa.
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Figure 19. Similar to Figure 17 but for air temperature (K) at 1000 hPa.

The above analysis reflects the dynamic and thermodynamic conditions evolution as well as foggy haze
episode from December 15 to 22, 2016. The 500 hPa decreased wind speed led to smaller horizontal wind
vertical shear that weaken air exchange between difference levels. Meanwhile, air pollutants absorbed solar
radiation [31-33], which increased air temperature at 850 hPa, and they reduced the radiation near surface.
Despite the small warm advection at near surface, this decrease radiation effect formed a lower temperature at
near surface. These stable thermodynamic conditions will again weaken the vertical movement and contribute
to the accumulation of air pollutant near surface, causing high level air pollution events. The coupled air
pollutant and thermodynamic situation provided favorable conditions for high level foggy haze events once
there are air pollutant transport and weak vertical exchange conditions. Therefore, in this area, dynamic
conditions are important, especially for weakened middle level wind speed and lower level south flow. As
these dynamic conditions indicate an air pollution episode may happen in the next few days. Zhang et al [24]
analyzed the dynamic and thermodynamic conditions in eastern China, and they found the significant
influence of dynamic but less influence of thermodynamic. This may be attributed to the variable dynamic
conditions in that area, which prevents the occurrence of coupled structure of air pollutant and thermodynamic
configuration.

6. Summary

The impacts of the meteorological conditions on the foggy haze episodes were quantified by using 162
ground observation stations data and NCEP final analysis data in North China from December 1, 2016 to
January 9, 2017. During this severe air pollution period, more than 72% of the regional mean atmospheric
visibility was lower than 10 km. The minimum of the regional mean atmospheric visibility was only 1.15 km.

The atmospheric background field analysis implied that in lower troposphere southerlies and low wind
speed were more conducive to the transportation of the southern pollutants to North China. Moreover, a high
pressure in middle troposphere combined with the reduced temperature gradient in lower troposphere,
suppress the local convection and lead to pollutants accumulation in the ground. This combination of weather
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conditions in middle and lower troposphere may lead to heavy air pollution events. During the air pollution
dissipation period, northerlies with a high wind speed quickly blows away the pollutant. However, relative
humidity analysis shows that there is little influence of water vapor conditions on these foggy haze episodes.

The meteorological factors analysis suggests that the thermodynamic condition in lower troposphere
significantly affects the evolution of foggy haze episodes in North China, while the middle and lower
troposphere dynamic condition plays a second role. Stronger thermodynamic effect may be attributed to the
stable dynamic conditions in North China than the eastern China. The insignificant influence of water vapor
condition during this foggy haze episod is confirmed by the thermodynamic effect analysis. The multiple
regression analysis suggests that the contribution of meteorological factors to the variance of daily foggy haze
evolution reaches 79%, while more than 76 % can be explained by the thermodynamic effect.

The analysis on a foggy haze case during December 15-23 concludes that smaller horizontal wind
vertical shear was caused by decreased wind speed at 500 hPa. Meanwhile, the air pollutant increased air
temperature at 850 hPa and reduced air temperature near surface. This stable thermodynamic condition would
again weaken the vertical movement and accumulate air pollutant near surface, which in turn, leads to a high
level air pollution event. The coupled air pollutant concentration and thermodynamic situation evolution
provided favorable conditions for heavy foggy haze episodes, especially when there were air pollutant
transport and weak vertical exchange conditions. Therefore, it is suggested that, in this area, the favorable
dynamic situation, such as weakened middle level wind speed and lower level south flow, indicate an air
pollution episode may occur in the next few days.
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