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Abstract: Transported pollution plays an important role in the atmospheric environment of eastern
China. This study analyzed the characteristics of surface winds at different air quality levels using
meteorological station observations of both wind and mass concentrations of particulate matter
with aerodynamic diameters <2.5 µm (PM2.5) over Hong Kong and Beijing. In recent decades,
wind directions at the surface exhibit a similar pattern for both good and poor air quality levels at
all three stations, indicating a weak relationship between surface winds and air quality in Hong
Kong. However, winds at a height of 1–2 km govern pollution accumulation. This dominant role
is illustrated by a sudden change in wind direction within this layer and a simultaneous pollution
accumulation stage on 8 January 2014. The controlling influence of winds at 1–2 km on both the
deterioration and improvement of air quality is also supported by a distinct vertical wind distribution
for all 21 monotonic increasing stages and 17 decreasing stages of PM2.5. In contrast, air pollution is
transported to Beijing throughout the atmospheric layer that extends from the surface to a height
of more than 3 km. This key difference may be due to variations in meteorology, topography, and
emission sources between Hong Kong and Beijing. The results that layer of 1–2 km in Hong Kong
and of surface to 3 km in Beijing is the height where pollution transport is most likely to occur are
critical for forecasting severe haze episodes in eastern China.

Keywords: vertical distribution; surface wind; wind profile; PM2.5 concentration

1. Introduction

Eastern China has been one of the most polluted regions in the world during recent
decades. The pollution emissions not only contribute significantly to the local environment,
but also affect air quality of downwind areas by regional transport. A simulation study
suggested that pollutants are predominantly transported to Beijing during haze episodes
at a height equivalent to 850–950 hPa (Wang et al., 2014 [1]). Simulation of a severe
haze episode showed that PM2.5 (particulate matter with aerodynamic diameters < 2.5 µm)
concentrations in the North China Plain (NCP) were substantially influenced by transported
pollutions from the Yangtze River Delta (YRD). This transport was mainly through a
pathway at an altitude of 700–800 m (Huang et al., 2020 [2]). Observational studies based
on meteorological towers are limited by the height of towers, which are generally less
than 300 m (Wang et al., 2018 [3]). Measurements from aircraft and lightweight unmanned
aerial can provide vertical information of pollution transport, however, these observations
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with long term range are not easily available. Observational studies on vertical transport
patterns are still rare.

Different transport pathways are found between NCP and YRD in a severe haze
episode. Long-range transport from YRD to NCP mainly at an altitude of approxi-
mately 700 m, while subregional transport is strong in the lower planetary boundary layer
(Huang et al., 2020 [2]). In Hangzhou, Zhejiang province, analysis based on lightweight
unmanned aerial vehicle indicates slower winds below 1 km lead to higher surface PM2.5
concentrations (Lu et al., 2019 [4]) (in situ aircraft measurements in the Beijing area suggest
that pollution transport can occur both inside and outside the boundary layer (Zhao et al.,
2015 [5]). In addition, based on aircraft measurements, Tian et al. (2019) [6] indicate that
black carbon is enhanced at 400–800 m by regional transport over Beijing. It seems the
transport pathway in northern China has a wider range in height. These recent studies
based on simulation or individual cases suggest that vertical transport patterns among
regions may be distinct and need further study.

Transported pollution could trigger severe haze episodes in both Hong Kong and
Beijing, where local emissions are very low (Wang et al., 2014 [1]; Chan, 2017 [7]). Studies
of particle mass concentrations indicate that more than 80% of pollution loading in Hong
Kong is attributed to regional transport (Nie et al., 2013 [8]). The most severe episodes
of high concentrations of fine particles in Hong Kong is associated with air pollution in
east China, especially in the Pearl River Delta Region (Hagler et al., 2007 [9]; Huang et al.,
2009 [10]; Yang et al., 2018 [11]). The situation is similar for the Beijing area in recent years
with implementation of strict emission control measures. Regional transport of emissions
from NCP in the south significantly contributes to the deterioration of air quality in Beijing
(Li et al., 2021 [12]). Therefore, PM2.5 concentrations in Hong Kong and Beijing can well
reflect the transported pollutants. Furtherly, statistical vertical distribution in pollution
transportation in Hong Kong and Beijing may represent the typical pattern in the regions
of YRD and NCP. Taking Hong Kong and Beijing as the study areas, this study investigates
the relationship between surface PM2.5 concentration and vertical distribution of winds to
figure out the regional transport patterns. The vertical distribution characteristics of winds
are derived from long-term wind profiler observations in Hong Kong and Beijing. This
statistical analysis is critical for elucidating the transport mechanisms and formation of
severe air pollution in Hong Kong and Beijing. The results will also be helpful for air quality
forecasts in eastern China, where there is a high proportion of transported pollutants.

2. Dataset and Methodology

To evaluate the contribution of wind to local air quality, variations in surface winds
were investigated for six levels of air quality. Although there are other categories of PM2.5
for pollution levels, the US EPA threshold is used in this study because it offers more
detailed information on air quality. Note that hourly PM2.5 concentrations were used to
accurately reflect the pollution process. Table 1 lists the thresholds and sample numbers for
all six levels of air quality conditions in Hong Kong, according to which the surface winds
were differentiated. As such, a sufficient contrast in the distribution of surface winds can
be obtained between clean and increasingly polluted subsets. To limit the disturbance from
seasonal variations in wind direction and the corresponding pollution source regions, these
analyses were further divided into four parts according to the season (March–April–May
for spring, June–July–August for summer, September–October–November for autumn, and
December–January–February for winter). The hourly PM2.5 mass concentrations used in
this study were obtained from the Environmental Protection Department of Hong Kong
(http://epic.epd.gov.hk/EPICDI/air/station/). The air quality station of Sham Shui Po
was chosen to match the wind profiler observation site. Surface meteorological observations
at the nearest station of Kings Park were used to represent the situation of Sham Shui
Po because most air quality stations in Hong Kong do not overlap with the locations of
meteorological stations. Two other stations, Tap Mun and Sha Tin, were used to represent
different types of background environment. Tap Mun station, which is located on a rural

http://epic.epd.gov.hk/EPICDI/air/station/
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outlying island on the eastern side of Hong Kong, is often considered as an atmospheric
background station for Hong Kong. The stations at Sha Tin and Sham Shui Po are located
in the industrial and central urban areas of Hong Kong, respectively. Hourly surface winds
were obtained from the Hong Kong Observatory (http://www.hko.gov.hk). The study
region and location of the stations are shown in Figure 1. The distributions of surface winds
under the six different pollution level conditions reflect the variation of winds with respect
to gradually increasing PM2.5 concentrations. Based on the large sample number of surface
winds, these statistical results are convincing for at least the first four levels of air quality
conditions, considering that levels 5–6, which correspond to highly polluted conditions,
rarely occur.
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Table 1. US EPA air quality index based on PM2.5 concentrations (µg/m3) and number of samples for each air quality category at the three stations.

Station & Season

Air Qality
Air Quality

Category
1

Air Quality
Category

2

Air Quality
Category

3

Air Quality
Category

4

Air Quality
Category

5

Air Quality
Category

6

PM2.5
health effects statement according to U.S. EPA

PM2.5 air pollution
poses little or no risk

Unusually sensitive
individuals may

experience
respiratory
symptoms

An increasing
likelihood of
respiratory

symptoms in
sensitive individuals,
aggravation of heart
or lung disease, and
premature mortality

in persons with
cardiopulmonary
disease and the

elderly

Increased
aggravation of heart
or lung disease and
premature mortality

in persons with
cardiopulmonary
disease and the

elderly; increased
respiratory effects in

the general
population

Significant
aggravation of heart
or lung disease and
premature mortality

in persons with
cardiopulmonary
disease and the

elderly; a significant
increase in

respiratory effects in
the general
population

Serious aggravation
of heart or lung

disease and
premature mortality

in persons with
cardiopulmonary
disease and the

elderly; serious risk
of respiratory effects

in the general
population

PM2.5 concentration:
µg/m3 0.0–12.0 12.1–35.4 35.5–55.4 55.5–150.4 150.5–250.4 250.5–500.4

Tap Mun
Station

spring 6305 21,954 7733 2734 15 0

summer 18609 12,317 1773 1074 12 0

autumn 3788 16,277 9066 5631 21 0

winter 1742 14,405 11,226 7592 34 0

Sha Tin
Station

spring 3176 7417 1403 268 1 0

summer 7614 3382 540 233 0 0

autumn 2490 6768 2434 867 0 0

winter 1182 6574 3259 2051 18 0

Sham Shui Po
Station

spring 1614 9246 3030 687 0 0

summer 4810 6895 690 290 0 0

autumn 1613 8179 3452 937 0 0

winter 903 7308 4349 1958 5 0
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For all cases of very poor air quality, the time series of vertical wind evolution over 72 h
was studied, as well as the corresponding aerosol loading from the surrounding regions of
Hong Kong. Vertical measurements of wind from wind profile radar collected during the
period from 2011–2017 at Sham Shui Po were used in this analysis. The wind profiler in
Hong Kong works under nearly all weather conditions, providing 10-min average values
of wind speed and direction. The vertical resolution for wind profiler observations was
200 m. The maximum height for wind observations varies with season, with the largest
value of approximately 6.5 km in July and the lowest value of approximately 4.0 km
in January. In general, the reachable observation altitude is higher during high relative
humidity (wet summers or rainy periods) because atmospheric scattering is stronger when
the atmosphere contains more moisture. More details about the wind profiler observations
can be found in the studies of Imai et al. (2007) [13] and Tse et al. (2013) [14]. To contrast
with the transport pattern of regional-scale pollution in Hong Kong in the Pearl River Delta
(PRD) region, vertical wind variations were also investigated for the only three stations
with a wind profile radar in Beijing: Guanxiangtai, Haidian, and Yanqing (Figure 1). This
comparison using limited data can contribute to our understanding of potential transport
mechanisms in typical regions in China. The Beijing wind profile data used in this study
were measurements conducted at each sampling height with a vertical resolution of 120 m
and a temporal resolution of 6 min. Wind profiler measurements are superior to radiosonde
measurements because of their continuity in time and capability at a fixed location (NOAA,
1994 [15]; Dibbern et al., 2003 [16]; WMO, 2012 [17]; Ishihara et al., 2006 [18]); that is,
sounding balloons only make observations a few times a day and might exhibit drift in
sounding measurements. Therefore, wind profiler data are widely used to monitor changes
in wind and atmospheric environments.

The vertical distribution characteristics of wind were also analyzed for all stages
during which air quality continued to deteriorate in the winter of 2011–2017 (Hong Kong)
and the winter of 2016–2019 (Beijing). These stages were selected according to the following
criteria: (1) the duration of continually rising PM2.5 concentration was longer than 6 h; (2)
occasional decreases in PM2.5 concentration were less than 1/10 of the PM2.5 concentration
at the hour when it started to fall; (3) the maximum PM2.5 concentration was greater than
the upper 5% percentile (73 µg/m3 in Hong Kong, 86 µg/m3 in Beijing), the minimum
value of PM2.5 concentration was less than the lower 75% percentile (45 µg/m3 in Hong
Kong, 22 µg/m3 in Beijing), and the difference between maximum PM2.5 and minimum
PM2.5 concentrations was greater than the upper 50% percentile (32 µg/m3 in Hong Kong,
36 µg/m3 in Beijing).

These filters were used to select the continuous and rapidly increasing (decreasing)
stages of air pollution. Thus, the characteristics of regional pollution transport in the study
region were obtained by analyzing the wind variations during these stages. Note that the
screening threshold value of maximum PM2.5 concentration for Yanqing station in Beijing
was 43 µg/m3, which is less than half of the maximum PM2.5 concentration at the other
two stations in Beijing. This is because Yanqing is located in the northwest mountainous
area of Beijing, which is less influenced by surface anthropogenic emissions. For example,
the maximum PM2.5 mass concentration was 91 µg/m3 during a heavy pollution event on
2 December 2016, but 134 µg/m3 at an urban site inside the U.S. Embassy. Variations in the
vertical distribution of wind during monotonic increasing stages improve the reliability of
the analysis of extreme cases. Furthermore, surface winds during the monotonic increasing
intervals were simultaneously investigated to determine the impact of surface winds on air
quality in Hong Kong.

3. Results and Discussion
3.1. Relationship between PM2.5 Concentration and Wind at the Surface and Higher Levels

Due to the clean background levels, the PM2.5 concentration never exceeds 250.4 µg/m3

(pollution level 6) at any of the three stations of Hong Kong during the study period. In fact,
the air quality of Hong Kong rarely reaches a very poor level (PM2.5 mass concentration
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150.5–250.4 µg/m3). Particularly in summer and autumn, the mass concentration of PM2.5
is never greater than 150.5 µg/m3 for both Sha Tin and Sham Shui Po. The surface wind
distributions for the four pollution level scenarios are shown in Figure 2 for Sham Shui Po.
The distribution of surface winds is similar among the four air quality categories, especially
in winter. During spring, summer, and autumn, the surface wind distribution patterns
have no apparent differences, except that wind speed is generally smaller when air quality
deteriorates. The frequency of the four air quality levels varies considerably among the
seasons. The maximum frequency of good and poor air quality occurs in summer and
winter, respectively. The distributions of surface wind for Tap Mun (Figure S1 in supple-
mentary material) and Sha Tin (Figure S2) are similar to that of Sham Shui Po. Table 1 lists
the number of samples for the six air quality categories at Tap Mun, Sha Tin, and Sham Shui
Po. Compared to Tap Mun, the prevailing winds at the surface are slightly different at Tam
Mun and Sha Tin because of the terrain and location, as shown in Figure 2, Figures S1 and
S2. The distribution of surface winds is similar for all four air quality categories and all four
seasons at both Sha Tin and Sham Shui Po, particularly in winter. The similarity in surface
wind distributions under different pollution conditions at all three stations indicates that
the relationship between surface wind and local air quality is very weak. This is helpful
for understanding the formation mechanisms and evolution of air quality deterioration
episodes in Hong Kong, where most pollutants originate from regional transport.
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Figure 2. Surface wind distribution under the five pollution scenarios during 2011–2017 for Sham Shui Po in Hong Kong.
Panels (a–d), (e–h), (i–l), and (m–q) show the results for spring, summer, autumn, and winter, respectively. Green, dark
yellow, orange, red, and purple denote the five pollution scenarios, with corresponding PM2.5 concentration (µg/m3)
thresholds of 0.0–12.0, 12.1–35.4, 35.5–55.4, 55.5–150.4, and 150.5–250.4, respectively. Spring is March–April–May, summer
is June–July–August, autumn is September–October–November, and winter is December–January–February. Note that
surface winds for Sham Shui Po are from the nearest meteorological station of King’s Park.

Due to limited wind profile observations, the lowest layer of wind data for Hong
Kong and Beijing was 315 m and 150 m, respectively. From near-surface to a height of
3 km, the relationship between the wind direction distribution and pollution is shown for
each detectable level in Figure 3 and Table 2. Note that cases when the air quality was at
level 4 or above (PM2.5 concentration > 150.4 µg/m3) are combined for Hong Kong because
this is a relatively rare situation. The maximum height of wind data was 2 km for Hong
Kong because there were too much missing data above this layer. The results suggest
that there are two distinct layers in the frequency distribution of wind direction with
pollution for Hong Kong. In the lower layer (315–720 m), the wind direction frequencies
exhibit little correlation with air quality. Eastern winds prevail in this layer for all four air
quality levels, indicating that low-level winds may not be related to pollution transport to
Hong Kong. However, wind direction frequencies for the upper layer (923–1732 m) vary
substantially with increasing levels of pollution. The prevailing winds in this upper layer
are predominantly southwest, followed by southeast, then north, when the air quality is
good. The frequencies of northerly wind, especially northeasterly wind, increase gradually
as the air quality deteriorates. This indicates that southerly winds in the upper layer
(923–1732 m) bring a clean air mass, whereas northerly winds transport anthropogenic
pollutants to Hong Kong. The large contrast in the distributions of wind direction between
clean and polluted conditions in the upper layer, together with a similar distribution pattern
among the four air quality categories for winds at lower levels, suggests that upper-level
winds may play a dominant role during pollution episodes in Hong Kong.
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Table 2. Sample number of winds for the four air quality categories at the two layers in Figure 3.

Air Quality Category
Altitude

315–720 m 923–1732 m

Level 1 12,685 22,308

Level 2 107,322 181,213

Level 3 72,906 120,746

Level 4 34,781 55,955

For Beijing, wind direction frequencies may not be directly connected to the pollutant’s
transportation. Pollution episodes in Beijing often last for a few days or even a week. With
the accumulated pollutants and stagnant meteorological conditions, PM2.5 concentration
may also be high even if winds are not blowing from the source region of the pollution.
Moreover, the formation of secondary aerosols contributed greatly to the abrupt increase
of PM2.5 concentrations in Beijing with the accumulated pollution particles (Ma et al.,
2017 [19]; Xing et al., 2020 [20]; Du et al., 2021 [21]). Therefore, the statistical analysis of
the distribution of wind direction with pollution level was not conducted for Beijing. It
should be noted that the generation of secondary aerosols is limited in a relatively clean
background during the early rising phase of PM2.5 concentrations. Note that wet and
dry removal of pollution particles was not considered in this study. Since the study areas
are less affected by local emissions, the relation between vertical evolution of winds and
PM2.5 concentrations can provide insight for pollution transportation during air quality
deterioration and improving stages.

3.2. Case Study of Vertical Profile Evolution during the Most Severe Haze Episode

During the study period, the PM2.5 mass concentration exceeded the threshold value
of very poor air quality (150.5 µg/m3) on two occasions in Hong Kong. Considering the
large amount of missing data during the haze episode on December 26–28, 2013, only
the case from 7–9 January, 2014 was analyzed to investigate the impact of winds on air
quality in Hong Kong. The variables in the case analysis include the time series of PM2.5
mass concentration and vertical distribution of winds, and spatial distribution of aerosol
optical thickness (MERRA-2 total aerosol extinction of aerosol optical thickness at 550 nm)
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over east China. Note that there was no rainfall during the entire period of this extreme
haze episode.

Figure 4a–c shows pollutant transport during the severe pollution episode from
northwest to southeast over east China, including the Hong Kong area. Located southeast
of the pollutant source, Hong Kong experienced rapid deterioration of air quality on
7–9 January 2014. The corresponding vertical evolutions of wind speed, wind direction,
and PM2.5 mass concentration during this severe haze episode are shown in Figure 4d–f,
respectively. On 7 January 2014, the day before the heavy polluted day, two distinct layers
are observed above and below a height of 1 km. Winds in the upper layer above 1 km
are from the southwest, whereas easterly winds prevail in the lower layer below 1 km.
Approximately half a day before the peak hour, a northwest wind suddenly appears in
the upper layer, which persists until the PM2.5 mass concentration reaches its peak value
of 151 µg/m3 (17:00 on 8 January). As mentioned in this study and previous references
(Cheng et al., 2006 [22]; Yang et al., 2018 [11]), Hong Kong is susceptible to pollution
transported from east China by northerly winds in winter. Therefore, steady northerly
winds in the upper layer contribute to the accumulation of pollutants. This abrupt change
in wind direction will transfer downward rapidly to the lower layer. However, the wind
direction in the lower layer is easterly and not consistent with that of the upper layer.
This may be explained by interference with the ground. After the time of peak pollution,
southwest winds appear again in the upper layer and are accompanied by a reduction
in pollution. The transport of pollutants through the upper layer is also supported by
the changes of winds at 850 hpa and regional AOD distribution pattern, as shown in
Figure 4a–c. Meanwhile, wind speed also slows gradually, corresponding to the change of
wind direction in the upper layer, which lasts until the dissipation of the heavy pollution
episode. The stabilized air favors the accumulation of transported particles at the surface,
leading to the most serious pollution event. These findings suggest that pollutants affecting
Hong Kong are mainly transported by winds in the upper layer.

Figure 5 shows pollutant transport from south to north to impact the Beijing area. This
pollution episode is the first event in Beijing during the study period with the maximum
PM2.5 concentration exceeding 150 µg/m3 and the duration not exceeding two days.
According to Figure 5a–c, the source region of pollutants lies to the south of Beijing.
On 27 December 2016, southerly winds bring pollutions to Beijing with wind direction
gradually shift from south at 900 hPa to southwest at the height of 800 hPa. This is consistent
with the vertical evolutions of wind speed, wind direction, and PM2.5 mass concentration
during haze episode, as shown in Figure 5d–f. During the deteriorating air quality stages
of the haze episode on 27 December 2016, southerly winds were observed from the surface
up to a height of 3 km. This layer, with steady southerly winds, transported pollutants
to Beijing and contributed to the haze episode. Meanwhile, the slower wind speed at the
surface also favored the accumulation of pollutants. The vertical evolution of wind speed
and direction during this haze episode suggests that pollutants in Beijing are transported
by winds from the surface to a height of 3 km.
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Figure 4. Aerosol concentrations (MERRA-2 total aerosol extinction of aerosol optical thickness at 550 nm) over China at
08:00 local time on (a) 7 January 2014, (b) 8 January 2014, and (c) 9 January 2014. Arrows denote wind speed and direction
at 850 hPa, derived from ERA5. Vertical evolution of (d) wind speed and (e) wind direction at Sham Shui Po in Hong Kong
during severe haze episodes in January 2014. (f) Time series of PM2.5 mass concentrations at Sham Shui Po in Hong Kong
during severe haze episodes in January 2014.
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Figure 5. Aerosol concentrations (MERRA-2 total aerosol extinction of aerosol optical thickness at 550 nm) and winds
(derived from ERA5) at (a) 900 hPa, (b) 850 hPa, and (c) 800 hPa over north China at 18:00 local time on 27 to 28 December.
Vertical evolution of (d) wind speed and (e) wind direction at Guanxiangtai in Beijing during the haze episode in December
2016. (f) Time series of PM2.5 mass concentrations at Guanxiangtai in Beijing during the haze episode in January 2016.

3.3. Statistical Analysis of Wind Profiles during Stages of Deteriorating and Improving
Air Quality

Figure 6 shows the vertical distribution of winds for all monotonic increasing and
decreasing stages of PM2.5 concentration during the winter of 2011–2017 in Hong Kong.
According to the screening criteria described in Section 2, there are a total of 21 rapidly
deteriorating air quality stages and 17 improving air quality stages in Hong Kong. The
amount of pollution episodes during air quality deterioration stages in Beijing is 38 for
Guanxiangtai and Haidian and 36 for Yanqing, but 52 for Guanxiangtai and Haidian (wind
profile data is missing on 24 February 2019 at Guanxiangtai) and 48 for Yanqing during
pollution dissipation (improving air quality) stages. The detailed data are listed in Table S1.
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Figure 6. Vertical evolution of wind during (a–c) increasing and (d–f) decreasing haze episodes in
winter at Sham Shui Po, Hong Kong. Upper, middle, and lower panels indicate wind speed, wind
direction, and PM2.5 mass concentrations, respectively. Note that wind direction centered on the east
to display continuously for direction of the emission source (north) and of the clear air mass (south).

Compared to the severe haze episode shown in Figure 4, the main transport pathway at
a height of approximately 1–2 km was not distinct in every pollution episode in Figure 6a.
There are likely several reasons for different transportation behavior among pollution
events. First, the wind direction in this layer ranges from northwest to northeast during
deteriorating air quality stages. Although the PRD region in the northwest of Hong Kong
was the main source region of pollution, anthropogenic aerosols in eastern China in the
north and northeast of Hong Kong can also be transported to Hong Kong and affect air
quality (Ding et al., 2017 [23]; Lin et al., 2018 [24]). Second, the pollution in most cases in
Figure 6a–c was not as heavy as that in Figure 4. According to Figure 4, the severe pollution
was mainly caused by aerosols transported throughout the entire layer from 1–3 km. This
deep atmospheric layer transports pollutants for long distances and triggers severe haze
episodes by transboundary processes (Huang et al., 2020 [2]). However, the transport layer
in most pollution events in Figure 6a–c was below 2 km, despite missing data in several
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cases. The transport layer thickness fluctuated slightly among pollution events, blurring
the vertical distribution in Figure 6a–c.

On the whole, the main transport pathway was the layer of 1–2 km, according to
the wind direction in Figure 6b and the location of the emission source region. From a
height of 1 km to near the ground surface, the wind direction became irregular among
pollution episodes. This is attributed to friction and interferences by the ground, which
calmed the atmosphere in this layer. Calm winds prevailed in the near-surface layer during
almost all cases and extended upward to a height of 2 km in some episodes, as shown
in Figure 6a. The layer with slow winds during deteriorating air quality episodes was
evidently thicker than that in pollution dissipation stages. According to Figure 6d–f, strong
winds with speeds close to 10 m/s prevailed in the layer at a height of 1–2 km. High winds
may even move downward to the near-surface in some cases. Corresponding to the fast
winds, southerly winds prevailed in the layer from 1–2 km during most improving air
quality stages. In contrast, the prevailing winds in the layer below approximately 1 km
were northerly. This distinct vertical distribution of winds between the layer from 1–2 km
and below 1 km (and between rapidly deteriorating and improving air quality stages)
suggests that the layer from 1–2 km is the main transport pathway of pollutants affecting
Hong Kong. Considering the weather conditions and the fact that the prevailing wind
direction has the greatest effect on surface mass concentrations in Hong Kong (Cheng et al.,
2006 [22]), the similar surface wind distribution also indicates that severe pollution in Hong
Kong is not closely related to winds in the layer below 1 km.

Figure 7 shows the vertical distribution of winds during deteriorating and improving
air quality stages in Beijing. Wind directions during these episodes seem more regular at all
three stations in Beijing than in Hong Kong. This is most likely because the emission sources
and meteorology are relatively simple in Beijing. During winter, emissions transported
from the North China Plain in the south reduce the air quality in Beijing and finally dissipate
with north-monsoon winds. Vertical wind distributions during the same episodes were
slightly different among the three stations in Beijing. Located in the southern suburb of
Beijing, Guanxiangtai is connected directly to the North China Plain and was most affected
by its emissions. During episodes of deteriorating air quality, southerly winds, ranging
from southwest to east–southeast, prevailed in the layer below 500 m at Guanxiangtai. In
the upper layer from 500 m to 3 km, southwesterly winds were overwhelmingly dominant.
Winds in the layer below 500 m were steady and rarely faster than 5 m/s. This steady layer
expands upward, with a maximum height of 3 km in half of all cases. It is clear that steady
southwesterly winds transport pollutants through the layer from the surface to a height of
3 km. Similarly, pollution is dispersed by strong northwesterly winds throughout the layer
that extends from the surface to 3 km. Winds at Haidian (shown in Figure S3) are similar to
those at Guanxiangtai in both deteriorating and improvement stages because the location
is similar to that of Guanxiangtai. Conversely, the wind distribution in Yanqing, located in
the western mountain area, were slightly different from that at Guanxiangtai and Haidian.
In Yanqing, southerly winds prevailed from the surface to a height of 4 km during pollution
accumulation stages, with southeast winds in the layer below 1 km and southwest winds
in the layer above 1 km (shown in Figure S4). In the stages of improving air quality, winds
in Yanqing are more westward than those at Guanxingtai and Haidian (northerly). The
vertical distributions of wind at all three stations suggested that the entire layer from the
surface to a height of approximately 3 km is the pollution transport pathway in Beijing.
The spatial pattern of wind vertical distribution at the three stations also confirmed that
unique southerly (northerly) winds from the surface to 3 km control the accumulation
(dispersion) of anthropogenic pollutants in Beijing.
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4. Conclusions

In recent decades, regions in eastern China have experienced reduced air quality due
to the emission and transport of anthropogenic pollution. Located in southeast China,
Hong Kong is particularly affected by transported aerosols from the PRD, Yangtze River
Delta, and even North China Plain. As a northern city in China, Beijing is also affected by
transported air pollutants from the North China Plain. Wind variations at the surface and
their vertical profiles were analyzed to investigate the impact of wind on pollutant transport
in these regions. The direction of surface winds exhibited a very similar pattern for all
stages of rapidly increasing PM2.5 concentration and for the different air quality levels at all
three stations in Hong Kong, which indicates that the relationship between surface wind
and air quality at ground level is very weak in Hong Kong. On the other hand, changes
in the vertical distribution of wind during an episode of extreme air quality deterioration
indicate that wind direction in the upper layer from 1–2 km dominates pollutant transport
in Hong Kong. This finding is consistent with that of Lin et al. (2018) [24], whereby winds
contribute to the regional transport of PM2.5 pollution in Hong Kong. The controlling effect
of the 1–2 km layer was also reflected in the vertical wind distribution during stages of
improving air quality. Our study suggests that variations in the vertical distribution of
wind are more important than variations of surface winds for air quality in Hong Kong.

In contrast, pollution transport to Beijing occurs throughout the entire atmospheric
layer that extends from the surface to a height of more than 3 km. This may be explained by
the relatively simple meteorology, topography, and emission sources in Beijing compared
to Hong Kong. The terrain of Beijing is low in the southeast and high in the northwest.
Pollution from the North China Plain in the south of Beijing is distributed from south to
north by south-south winds during haze episodes. Usually, monsoon winds from the north
in winter clear up pollutants in Beijing. In contrast, sea–land breezes and multiple emission
sources complicate pollution transport in Hong Kong. The other important difference is
the distance from the emission sources to Hong Kong and Beijing. Located close to the
North China Plain, Beijing is easily influenced by the transport of particles emitted from
this region. However, the emission source for Hong Kong is typically the Yangtze River
regions; therefore, pollution transport involves a long-range and multiple processes such
as transboundary mixing (Ding et al., 2017 [23]; Lin et al., 2018 [24]), which contributes to
stratification of pollution in the transport pathway.
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