Atmos. Chem. Phys. Discuss., 15, 28249-28288, 2015 Atmospheric
www.atmos-chem-phys-discuss.net/15/28249/2015/ Chemi stry
doi:10.5194/acpd-15-28249-2015

© Author(s) 2015. CC Attribution 3.0 License. and PhySICS

Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Mixing layer height and the implications
for air pollution over Beijing, China

G. Tang', J. Zhang?, C. Miinkel®, T. Song’, B. Hu', K. Schafer®, Z. Liu’, J. Xin',
P. Suppan4, and Y. Wang1

'State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry
(LAPC), Institute of Atmospheric Physics, Chinese Academy of Sciences,

Beijing 100029, China

®Key Laboratory of Middle Atmosphere and Global Environment Observation (LAGEO),
Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China
Svaisala GmbH, 22607 Hamburg, Germany

*Karlsruhe Institute of Technology (KIT), Institute of Meteorology and Climate Research,
Atmospheric Environmental Research (IMK-IFU), 82467 Garmisch-Partenkirchen, Germany

Received: 3 September 2015 — Accepted: 1 October 2015 — Published: 21 October 2015
Correspondence to: Y. Wang (wys @mail.iap.ac.cn)

Published by Copernicus Publications on behalf of the European Geosciences Union.

28249

Jaded uoissnosiq

| Jadeq uoissnosiqg

Jadeq uoissnasiq | Jaded uoissnosiq

ACPD
15, 2824928288, 2015

Mixing layer height
and air pollution over
Beijing

G. Tang et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/28249/2015/acpd-15-28249-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/28249/2015/acpd-15-28249-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

The mixing layer is an important meteorological factor that affects atmospheric pollu-
tion. A study of atmospheric pollution in the Beijing area was performed from July 2009
to December 2012, using a ceilometer, to observe and study the atmospheric mixing
layer height (MLH). Based on a comparison and validation of multiple types of data, we
evaluated the quality of the MLH data as observed by the ceilometer and found that the
ceilometer underestimates MLH during neutral stratification caused by strong winds,
whereas it overestimates MLH during dust crossing. By combining conventional mete-
orological data and PM, 5 and PM,, observational data, we screened the observational
results for the MLH, and the ceilometer observations were fairly consistent with the me-
teorological radiosonde profile results. The correlation coefficient is more than 0.9, and
the effective rate of acquired data is near 80 %. Further analysis of the variation in the
MLH indicates that the MLH in the Beijing area exhibits the feature of being low in au-
tumn and winter and being high in spring and summer. There is a significant correlation
between the variation in the MLH and the sensible heat flux, whereas the diurnal vari-
ation in the mixing layer during summer is affected by the circulation of mountainous
plain winds. By applying visibility as the index for the classification of atmospheric pollu-
tion degree, it is found that in comparison with a clear day, the variation of sensible heat
and buoyancy term in turbulent kinetic energy (TKE) of a slight haze day is insignifi-
cant, but the reduction of shear term in TKE is near 70 % when visibility decreased
from 10 to 5km; in comparison with the slight haze day, the variation of shear term in
TKE of medium and heavy haze days is insignificant, but the declination of sensible
heat and buoyancy term in TKE are about 60 % when visibility decreased from 5 to
1 km. Although the correlation between the daily variation of MLH and visibility is very
poor, the correlation between them is significantly enhanced as the relative humidity
increases beyond 80 %. This characterizes the generation of humidity-related physio-
chemical processes as the main source of atmospheric particles under heavy pollution,
whereas the dissipation of atmospheric particles mainly depends on the MLH. The pre-
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sented results on the atmospheric mixing layer and its thermal dynamic structure under
different degrees of pollution provide a scientific basis for improving the meteorological
and atmospheric chemistry models and the forecasting and warning of atmospheric
pollution.

1 Introduction

The mixing layer is formed because of discontinuous turbulence between the upper
and lower layers resulting from discontinuity in temperature stratification. The height to
which the atmospheric mixing layer extends is the mixing layer height (MLH). The at-
mospheric MLH is an important meteorological factor that affects atmospheric pollution
because it affects the vertical diffusion capability of atmospheric pollutants and water
vapour gradients; therefore, it affects the generation and dissipation of pollutants (Stull,
1988). Continuous observations of the MLH are helpful for improving parameteriza-
tion schemes of the model boundary layer and beneficial for improving the simulation
accuracy of meteorological models and optimizing the simulation results for pollutants.

Three primary observation methods are used to determine the MLH: meteorological
sounding profiles, aeroplane surveys, and ground-based remote sensing. As the most
conventional observation approach, meteorological radiosonde profiles have a large
number of observation stations distributed globally, and observational data quality is
high. However, because the observational cost is relatively high, only two observations
at 00:00 and 12:00 UTC are available from most stations (Seibert et al., 2000). As so-
lar radiation increases in the morning, the growth rate for the MLH reaches hundreds
of metres to 1000 m per hour at the stage of fast convection development, and even
the hourly observations of the sounding profile could not seize important observational
information of MLH (Seibert et al., 2000). Although aeroplane surveys can obtain high-
resolution variations of meteorological and pollutants profiles, the constraints of air traf-
fic control, weather conditions, and observation cost reduce these data to a limited time
period. Therefore, to acquire continuous observations with high spatial and temporal
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resolution, ground-based remote sensing has become the most advanced approach
for measuring the MLH.

There are three methods of performing ground-based remote sensing: acoustic radar
(sodar — sound detection and ranging), laser radar (lidar — light intensity detection and
ranging) and electromagnetic radar (Doppler radar). Sodar can obtain the vertical pro-
file of wind and temperature data; thus, it can be used to further calculate the MLH. Li-
dar can obtain the vertical profile of variations in the aerosol concentration and discern
the atmospheric MLH by calculating the height for sudden changes of aerosol profile.
Doppler wind radar can obtain variations in the wind vectors at different altitudes and
identify variations in the mixing layer through the wind shear. Beyrich (1997), Seibert
et al. (2000), and Emeis et al. (2008) conducted three reviews of the three methods
and compared their advantages and disadvantages. The sodar detection height is usu-
ally lower than 1000 m, which is not conducive for observing the MLH under convection
states. Lidar observations are usually performed in the visible light band, and it could
cause visual hazards when not used properly; moreover, before the application of mod-
ern laser ceilometers for this purpose, lidar observation devices are relatively costly and
unlikely to become popularly used. Wind radar is easily interfered by clouds, and the
observational height is limited under cloudy conditions. In recent years, lidar observa-
tional technology has developed rapidly, and an increasing number of applications have
used lidar for MLH observations (White et al., 1999; Steyn, et al., 1999; Hageli et al.,
2000; Chen et al., 2001; Schneider and Eixmann, 2002; Kunz et al., 2002; Strawbridge
and Snyder, 2004; He et al., 2006; Wiegner et al., 2006; Sicard et al., 2006; Hen-
nemuth and Lammert, 2006; Emeis et al., 2007; Wang et al., 2012; Yang et al., 2013;
Luo et al., 2014; Scarino et al., 2014). Furthermore, the eye-safe ceilometers CL31 and
CL51 have been developed by Vaisala to observe the MLH using a near-infrared band
laser. Because of the simple operation and low cost, such instruments have become
the optimal solution for observing the MLH, and they have been applied to an increas-
ing number of observations in recent years (MUnkel and Rasénen, 2004; Emeis et al.,
2004; Emeis and Schafer, 2006; Eresmaa et al., 2006; Mlnkel et al., 2007; McKendry
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et al., 2009; Kamp and McKendry, 2010; Murfioz and Undurraga, 2010; Flentje et al.,
2010; Chen et al., 2011; Haeffelin et al., 2012; Emeis et al., 2012; Schween et al.,
2014; Tang et al., 2015).

Beijing, located on the North China Plain, is the centre of politics, culture, and eco-
nomics in China. Because of the rapid economic development, energy usage has in-
creased, which has caused serious air pollution and frequent heavy haze days (Tang
et al., 2009, 2012; Xin et al., 2010). Previous studies have indicated that visibility de-
clines dramatically during heavy pollution periods in Beijing when the concentration
of particles increases. In addition, the weather conditions generally include high hu-
midity and low wind speed with a southerly flow, and the atmospheric stratification is
stable (Ding et al., 2005; Liu et al., 2014; Zhang et al., 2015). Previous studies have
provided additional descriptions of weather conditions corresponding to heavy pollu-
tion periods; however, atmospheric MLH variations are the key meteorological factors
related to the occurrence, maintenance, and dissipation of heavy pollution, and they
are not well understood. As for most areas in north China, the meteorological sound-
ing data can only acquire observational data for the MLH in the morning (00:00 UTC)
and at night (12:00 UTC), and observations of the convective mixing layer variations
at noon are lacking. In certain studies, simulations with numerical models, short-time
ground-based remote sensing, or meteorological profiles are used to provide a pre-
liminary description of MLH variations during heavy pollution periods, but continuous
high-resolution observations over a long time period have not been conducted for this
region (He and Mao, 2005; Yang et al., 2005; Zhang et al., 2006; Chen et al., 2009;
Quan et al., 2013; Hu et al., 2014; Zhang et al., 2015). Without acquiring the contin-
uous high-resolution variation characteristics of the MLH through these studies, the
influence of atmospheric pollution cannot be studied thoroughly (Schéafer et al., 2006).

To compensate for information gaps in the aforementioned studies, a ceilometer was
used to conduct continuous high-resolution observations for 3 years and 5 months
(from July of 2009 to December of 2012) in Beijing. By comparing the obtained data
with multiple meteorology and pollutant data sets, we verified the applicability of the
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ceilometer and obtained the variation characteristics of the MLH over 3 years. By com-
bining the meteorological data, we were able to determine how variations in the mixing
layer and the atmospheric diffusion capability occurred in different seasons. Finally,
visibility was used to determine the degree of atmospheric pollution, and the ther-
mal/dynamic structure inside the mixing layer was analysed under different degrees
of pollution by delineating the influence of MLH variations on atmospheric pollution and
revealing the critical meteorological conditions underlying the formation and dissipation
of heavy atmospheric pollution in the Beijing area.

2 Methods
2.1 Sites and instruments

To understand the structural variations of the mixing layer in the Beijing area, we con-
ducted observations for 3 years and 5 months (from 15 July 2009 to 31 December
2012) in Beijing. The observation sites, observation parameters, and observation time
period are shown in Fig. 1 and Table 1.

The site used to measure the MLH was built in the tower of the Institute of Atmo-
spheric Physics, Chinese Academy of Sciences, to the west of the Jiande bridge in the
Haidian district, Beijing. This site is located between the north third ring road and north
fourth ring road, and the Beijing—Tibet motorway is on the eastern side. The geographic
location of the station is 39.97° N, 116.37° E, and the elevation is approximately 60 m.
The instrument used to observe the MLH was a single-lens ceilometer CL31 (Vaisala).
This instrument utilizes pulsed diode laser lidar technology (910 nm waveband) to mea-
sure the attenuated backscatter coefficient profile of atmospheric aerosols and then de-
termine the MLH. In practical measurements using the CL31, the time resolution was
set to 16s, the vertical resolution was set to 10 m, and the measurement range was
7.7 km. Because the atmospheric aerosol concentration is relatively high in Beijing, the
CL31 lens was cleaned with clear water every 3 days. The conventional meteorological
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data during the same period were from temperature, humidity, wind speed, and wind
direction observations at 8, 15, 32, 47, 65, 80, 100, 120, 140, 160, 180, 200, 240, 280,
and 320 m up the tower, and the temporal resolution was 5 min. A detailed description
is provided by Song et al. (2013). The thermodynamic parameter data in the atmo-
spheric mixing layer (sensible heat, latent heat, radiation, friction velocity, etc.) during
the same period were from ultrasonic anemometers at 47, 140 and 280 m on the mete-
orological tower, and the time resolution was 5min. A detailed description is provided
by Song and Wang (2012). The observation data of PM, 5 and PM,, during the same
period were from Thermo Electric Inc. (RP1400a), and the time resolution was 5 min.
A detailed description is provided by Liu et al. (2014).

The meteorological sounding profile data were measured by the international stan-
dard weather station (ID: ZBAA), which is located outside the south second ring road in
the Fengtai district, Beijing, 10 km from the station on the tower of the Institute of Atmo-
spheric Physics. The geographic position of station ZBAA is 39.48°N and 116.28°E,
and the elevation (a.s.l.) is approximately 34 m. The meteorological sounding profile
data observed at station ZBAA included two categories: conventional observations,
which were conducted at 08:00 LT in the morning and 20:00 LT in the evening; and in-
tensified observations, which were conducted at 14:00 LT in the afternoon every Thurs-
day. The observed meteorological parameters included atmospheric pressure, temper-
ature, wind speed, wind direction, and humidity. According to the classification method
of Eresmaa et al. (2006), we defined all of the meteorological sounding profiles as
a convection state when they exhibited negative lapse rates for the virtual potential
temperature within 200m and bulk Richardson number within 100 m, and the other
profiles were defined as a stable state. We obtained 260 and 540 effective observation
samples for the two types of weather conditions, respectively. In order to characterize
the degree of the air pollution in Beijing, visibility at station ZBAA was obtained from
the web page of Wyoming Engineering University (http://weather.uwyo.edu).
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2.2 Determination of the MLH
2.2.1 MLH retrieval by ceilometer

Because the lifetime of particles is relatively long and could be several days or even
weeks, the distribution of particle concentrations inside the atmospheric mixing layer
is even more uniform compared with that of gaseous pollutants. However, the parti-
cle concentration in the mixing layer and free atmosphere is significantly different. By
analysing the attenuated backscatter coefficient profile of atmospheric particles, the
position at which a sudden change occurs in the attenuated backscatter coefficient is
the top of the atmospheric mixing layer. In this study, we used the gradient method
to determine the MLH by selecting the location with the maximum negative gradient
(-dB/dx) in the attenuated backscatter coefficient profile diagram for the aerosol as
the top of the mixing layer (Steyn, et al., 1999). To eliminate the inherent noise and
aerosol layer structure influence on the data, spatial and temporal averaging must be
applied before the gradient method can be used to calculated the MLH from the profile
data (Munkel et al., 2007; Tang et al., 2015).

2.2.2 MLH retrieval by radiosonde

A number of methods have been developed to analyse the mixing layer through the
meteorological sounding profile (Beyrich, 1997; Sibert et al., 2000; Wang and Wang,
2014). In this study, we calculated the MLH for the convective state and stable state,
respectively. For the convective state, we used the Holzworth method (Holzworth, 1964,
1967), which is most widely applied to obtain the MLH by analysing variations in the
virtual potential temperature. In a stable state, a low-level jet often occurs in the Beijing
area, and we can determine the MLH by analysing the position of the low-level jet
(Tang et al., 2015). If the low-level jet does not occur under stable weather conditions,
the altitude where the Richardson number is greater than 1 is the MLH (Vogelezang
and Holtslag, 1996; Eresmaa et al., 2006).
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3 Results and discussions
3.1 Verification of the MLH

Previous observation studies using ceilometers could not resolve issues with apply-
ing ceilometers in Chinese areas with high aerosol concentrations. In this study, the
methods of Eresmaa et al. (2006) and Mlnkel et al. (2007) were used to divide the
samples into stable and convective states according to the atmospheric stratification
status. The MLH data acquired by meteorological sounding profiles and the ceilome-
ter were compared (Fig. 2), and the results were evaluated. The comparative analysis
showed that the MLH observed by the ceilometer was overestimated and underesti-
mated in a portion of the samples. Because the ceilometer determines the MLH by
measuring the attenuated backscatter profile of atmospheric particles, if the concen-
tration of atmospheric particles is relatively low, then the height measurement errors of
the mixing layer will increase correspondingly (Eresmaa et al., 2006; Murioz and Un-
durraga, 2010). An analysis of the relationship between the visibility and comparison
results showed that underestimations in the ceilometer observation results generally
corresponded with good visibility and low aerosol concentrations. Nevertheless, among
the samples with relatively good visibility, a number of samples had relatively low errors
(Fig. 2). Consequently, low pollution and good visibility are not sufficient conditions to
predict underestimations in the observation results.

To investigate why ceilometer results produced underestimations, we analysed cases
with low aerosol concentrations and small measurement errors and found that when
there was a large difference in the aerosol concentration between the near surface and
high altitude, the calculation error of the MLH decreased, even if the aerosol concen-
tration was relatively low. By further analysing the relationship between the ceilometer
and meteorological sounding profile results with the relative humidity and wind vectors,
we found that ceilometer underestimations corresponded with low relative humidity and
large wind speed, with winds mostly from the north (Figs. 3 and 4). The local meteoro-
logical conditions in Beijing indicated that this type of meteorological condition is usu-
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ally caused by a bypass of a cold air mass. When strong northerly winds are dominant
over Beijing, dry and clear air masses prevail, and the large wind speed causes the
atmospheric aerosols to rapidly spread to the downstream region, resulting in a dra-
matic decrease of aerosol concentration. In addition, the low humidity of the air mass
suppresses the liquid-phase and heterogeneous reactions for the gaseous precursors
of aerosol, and the hygroscopic growth of aerosols can also be neglected. Therefore,
the aerosol generation velocity is much lower than the loss rate because of trans-
portation, leading to low aerosol concentrations and uniform vertical gradients. Once
the aerosol concentrations in vertical direction become uniform, the ceilometer can-
not calculate the MLH through sudden changes in the attenuated backscatter profile,
which results in serious underestimations. An analysis of the relationship between the
Richardson number and the error shows that when the ceilometer-measured MLH is
subject to relatively large errors, the Richardson number is approximately 0. Therefore,
the near-neutral atmospheric stratification that occurs when a cold air mass passes
through is the main cause for the serious underestimation in the observation results by
the ceilometer.

To investigate the overestimations in the ceilometer results, an analysis of the ob-
servation results for the particle concentration showed that in this situation, the PM, g
concentration is relatively low, but the PM,, concentration is relatively high (Fig. 2). To
investigate the reason of the overestimations, we used the meteorological sounding
profile at 14:00 LT on 19 December 2009 as an example and analysed it for overesti-
mations (Fig. 5). This profile exhibited an obvious bi-level structure, with the first level at
approximately 1100 m; where the virtual potential temperature begins to gradually in-
crease, the wind speed begins to increase, and the ozone concentration is transported
from the background area with a concentration of about 40 ppbv. The second level is
at approximately 1600 m, where the variation rate of virtual potential temperature in-
creases. However, the ceilometer-measured attenuated backscatter coefficient profile
cannot resolve this type of bi-level structure. A PM, 5 /PM ratio of only 0.15 exhibits
clear characteristics of dust crossing. Therefore, the aerosol concentration caused by

28258

Jaded uoissnosiq

Jadeq uoissnosigq | Jaded uoissnosiq

Jaded uoissnosiq

©)
do

ACPD
15, 2824928288, 2015

Mixing layer height
and air pollution over
Beijing

G. Tang et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/28249/2015/acpd-15-28249-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/28249/2015/acpd-15-28249-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

this type of dust crossing is uniform in the vertical direction below the second layer
for the ceilometer, whereas the presence of obvious wind shear and sudden virtual
potential temperature changes for the radiosondes are the main reasons for the over-
estimated observation results by the ceilometers (Figs. 2 and 5).

After determining the reasons for the underestimations and overestimations in the
ceilometer data, the results with large errors according to certain principles must be
eliminated. For underestimations, the meteorological data at the observation station
were used to eliminate time periods of crossing cold air when the temperature and
wind velocity are subject to a sudden change. For overestimations, we used the date
of dust occurrence based on the sand—dust weather almanac to eliminate the time
periods of dust crossing when the ratio of PM, 5 and PM,, suddenly decreases. An
analysis of the meteorological sounding profiles after eliminating the erroneous data
showed that a high correlation occurred between the post-elimination ceilometer data
and meteorological sounding observations, and the correlation coefficient was more
than 0.9, which also demonstrated the effectiveness and manipulability of the elimina-
tion method (Fig. 6). Overall, by analysing the weather conditions that caused the error
of ceilometer observation, the conventional meteorological data and PM, 5 and PM,,
were used to eliminate the observation results. The elimination results are good, and
this method replaces the time-consuming method of filtering the data manually, which
is of great practical value for future measurements of MLH with ceilometers.

3.2 MLH variations

To provide a detailed description of variations in the MLH, we selected high-quality
MLH and meteorological data in 3 consecutive years (from December 2009 to Novem-
ber 2012). First, the effectiveness of the data must be verified after performing the
elimination by the aforementioned method. The results of the evaluation indicate that
the effectiveness of the data in different seasons is significantly negatively correlated
with wind speed and significantly positively correlated with relative humidity (Fig. 7a).
For spring and winter seasons with relatively large wind speeds and relatively low hu-
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midity, the effectiveness of the data is low, whereas for summer and autumn seasons
with relatively small wind speeds and relatively high humidity, the effectiveness of the
data is high. In particular, the effectiveness is lowest in January at 63.5 % and highest
in June at 95.0 %. The average effectiveness of the data over 3 years is approximately
80 %.

Using the validated data, we analysed seasonal changes over 3 years. The results
indicated that the daily minimum of the mixing layer was high in winter and in spring,
and low in summer and in autumn. The monthly average maximum for the daily mini-
mum MLH of 351 m appeared in May, and the minimum of 238 m appeared in October.
The daily minimum MLH generally occurred during night-time with stable stratification,
and the nocturnal stable boundary layer height was closely related to wind speed (Zil-
itinkevich and Baklanov, 2002; Hyun et al., 2005); therefore, the seasonal variation in
daily minimum MLH was consistent with the seasonal variation in wind speed (Fig. 7a).
Compared with the average daily minimum MLH, both the monthly average and the av-
erage daily maximum MLH exhibited different seasonal variations. As shown in Fig. 7b,
two platform periods and two transitional periods occur for the variations of the monthly
average MLH. The MLH is similar in October and November (autumn) and January
and December (winter) at 500m, and it is similar in March, April, and May (spring)
and June, July, and August (summer) at 700 m. February and September are the two
transitional months and have values of 600 m. The month with the highest MLH is May
at 739 m, and the MLH is lowest in December at 435 m. The seasonal variation in the
average daily maximum MLH is similar to the monthly average. The monthly average
daily maximum MLH is highest in May at 1480 m, and is lowest in December at 787 m.
Previous studies have indicated that the seasonal variation in the MLH could be re-
lated to the radiation flux (Kamp and McKendry, 2010; Murioz and Undurraga, 2010).
As shown in Fig. 7b, the total radiation flux during spring in Beijing is significantly higher
than in summer, whereas the MLH in summer is equal to that in spring, and this result
is inconsistent with that of previous studies. Although this study has determined sea-
sonal variations in the MLH, because more data were eliminated for winter and spring,
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especially for weather with dry wind and relatively high MLHs, the monthly means of
MLH in winter and spring seasons were likely underestimated. To avoid the influence
of data elimination on the study, we analysed the relationship between daily changes
of the mixing layer and the sensible heat flux and found that the average MLH from
12:00 to 17:00 LT and the sensible heat flux were well correlated and had a correlation
coefficient of 0.65, which characterizes the dominant role of radiation in the variations
of MLH (Fig. 8).

3.3 Impact of mountainous plain winds on MLH

We analysed the diurnal variations in MLH on a monthly basis and found that the MLH
develops in four stages: from 09:00 to 14:00 LT, which is the fast development stage
for the MLH; from 14:00 to 18:00LT, which is the maintenance stage of the mixing
layer; from 18:00 to 20:00 LT, which is the rapid decrease stage of the mixing layer;
and after 20:00LT and until 08:00LT in the morning of the second day, which is the
stable boundary layer stage with relatively low MLH (Fig. 9a). These types of develop-
ment and dissipation mechanisms are consistent with the description of Stull (1988).
Although the daily average MLH is close between spring and summer, the diurnal vari-
ation in the MLH exhibits considerable differences. At night-time in spring, the MLH is
high and relatively stable, whereas at night-time in summer, the MLH exhibits a gradual
decreasing trend. After sunrise and before 12:00 LT, the growth rate of the atmospheric
MLH is relatively high in spring and reaches 114 m h™', whereas the hourly growth rate
of the mixing layer is relatively low in summer and only reaches 102mh™". Between
12:00 and 14:00LT in spring, the growth rate of the MLH is 119mh’1, whereas the
growth rate of the MLH is significantly enhanced in summer and reaches 165mh~".
Such changes reflect the convex variation characteristics in spring and concave char-
acteristics in summer during the development stage of the MLH.

According to the description in Sect. 3.2, variations in the MLH should exhibit a good
linear relationship with the amount of radiation. Because of the relatively high radiation
in spring, the relatively high MLH variation for days with lower radiation in summer is
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difficult to explain with the radiation flux, which indicates that there are other factors
that affect the characteristics of the MLH variation. Because the MLH is affected by
many factors, its development is mainly related to the magnitude of turbulent energy.
Two components are closely related to turbulent energy: the heat flux caused by ra-
diation and the momentum flux generated by wind shear (Stull, 1988). Because the
seasonal variation of heat flux is difficult to explain according to the aforementioned
criteria, we analysed the seasonal variations in the horizontal wind vector at Beijing
station. To avoid the impact of near-surface buildings on the wind measurements, we
selected the wind vector at 100 m on the Beijing tower. Figure 9b shows that there is
an obvious seasonal variation in the wind vector of the Beijing area. The winter season
is dominated by a northwesterly wind, whereas the spring season exhibits a north-
westerly wind in the morning and southwesterly wind in the afternoon. What matters
most is that the alternation phenomenon between the mountainous wind beginning at
03:00 LT at night and the valley wind at 12:00 LT in the afternoon starts to occur in sum-
mer. From September, the circulation of mountainous plain wind slowly weakens, and
this regional circulation essentially disappears in November. Beijing is affected by the
Siberian High in winter and spring, a prevailing northwest wind and dry air mass with
relatively large wind velocity occur. However, the northward lift and westward intrusion
of a subtropical high in summer causes the southerly moist air mass with relatively
small wind velocity to dominate. Because Beijing is located to the west of the Taihang
Mountains and south of the Yanshan Mountains, in the absence of large- or medium-
scale meteorological systems passing through in summer, the local mountainous plain
wind is superimposed to the southerly air flow and jointly affects the meteorological
characteristics of the North China Plain. When this regional circulation occurs along
with surface cooling at night in summer, the cold air near the surface forms a shallow
down-sliding flow from the northeast to the southwest, and this is called the downslope
wind or cold drainage flow. The cooled air then flows into the plain and accumulates
in a cold pool, and the cold air that continuously fills the plain continues to increase
the thickness of the inversion layer, and the thickness of the mixing layer gradually de-
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creases. After sunrise as the radiation enhances, the impact of thermal buoyancy lift
causes the MLH to increase rapidly, and this type of cold drainage flow is maintained
until 12:00 LT. After 12:00 LT, the plain wind in the southwesterly direction gradually
dominates and is maintained until approximately 03:00 LT in the morning of the sec-
ond day. According to Fig. 9c, from 03:00 LT to 12:00 LT during summer, the air space
from the near surface to 300 m is gradually controlled by the cold drainage flow in the
northeasterly direction, and the MLH exhibits a gradually diminishing trend from 03:00
to 06:00LT. This trend does not occur in spring (Fig. 9a). Similarly, between 09:00
and 12:00LT, the cold drainage flow causes a low hourly growth rate of the mixing
rate in summer, whereas the growth rate of the MLH is high in spring. After 12:00 LT,
the southerly plain wind causes the growth rate of the MLH to increase from 12:00
to 14:00LT in summer. The gradual reduction of the night-time mixing layer and the
relatively low rising velocity after sunrise demonstrate the inhibitory effect of this cold
drainage flow on the development of the MLH. In summary, the mountainous wind in
summer causes the mixing layer to gradually decline at night, which suppresses the
development of the mixing layer before noon, and the prevalence of plain winds after
noon causes the mixing layer to increase rapidly. Therefore, this regional circulation
leads to the concave-down variation in the fast development stage of the mixing layer
in summer compared to the spring.

3.4 Implications for air pollution

3.4.1 Thermal/dynamic structures inside mixing layers with different degrees
of pollution

To analyse variations in the thermal dynamic parameters inside atmospheric mixing
layers under different degrees of pollution, visibility was used to indicate the degree of
atmospheric pollution. Variations in atmospheric visibility were used in the statistical
analysis of the thermal dynamic parameters in the atmospheric mixing layer, and varia-
tion features were obtained for the wind speed, humidity, sensible heat, latent heat, fric-
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tion velocity, and turbulent kinetic energy (TKE) at 280 m under different visibility condi-
tions. As shown in Fig. 10, on clear days with atmospheric visibility > 10 km, the relative
humidity was the lowest, with an average of 43.3 %, whereas the sensible heat flux,
friction velocity and TKE were the highest and averaged 20.4Wm‘2, 0.45ms'1, and
0.99m?s72, respectively. The MLH was 664.2m on average, and the maximum after
noon could reach 1144.8 m. With declines of atmospheric visibility, slight haze pollution
occurred in the visibility range of 5 to 10 km (CMA, 2010). Compared with clear days,
the relative humidity during light haze pollution significantly increased to 63.1 %, and
both the friction velocity and TKE significantly declined to 0.32ms™' and 0.64 m?s 2,
respectively, at a reduction rate of approximately 30 %, whereas the average sensi-
ble heat flux and MLH did not show significant changes at values of 19.7Wm™2 and
671.0 m, respectively. As the atmospheric visibility continued to decline, light haze pol-
lution occurred in the visibility range of 3 to 5km, medium haze pollution occurred in
the visibility range of 2 to 3 km, and heavy haze pollution occurred in the visibility range
of less than 2km (CMA, 2010). Compared with slight haze pollution conditions, the rel-
ative humidity continued to increase with the aggravated pollution, and in the periods of
light, medium and heavy haze it could reach to 73.4, 79.6, and 86.4 %, respectively; the
friction velocity was 0.28, 0.26, and 0.23 ms_1, respectively; the TKE was 0.56, 0.52,
and 0.46 m? s'2, respectively; the sensible heat flux was 15.2, 12.8, and 7.8Wm'2, re-
spectively; and the MLH was 586.1, 430.0, and 320.1 m, respectively. Therefore, when
clear days change to slight haze, the wind speed, friction velocity, and TKE signifi-
cantly decline but the sensible heat flux and MLH do not change significantly. When
the degree of pollution transforms from slight haze to light, medium, and heavy haze,
significant changes do not occur in the friction velocity and TKE, the sensible heat
flux significantly declines, and the MLH gradually decreases. It should be noted that
although the relative humidity varied considerably at different pollution stages, signifi-
cant differences did not occur in the latent heat flux, which varied from clear days to
heavy haze days at 18.7, 19.9, 21.5, 18.8, and 19.8Wm™2. Thus, when clear days
transform to slight haze, dynamic effects have a relatively large influence on the mixing
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layer, whereas thermodynamic effects have a relatively significant influence during the
transition process from slight haze to heavy haze.

To verify these results, we examined the TKE budget equation. If we presume a hor-
izontal average and neglect the advection of wind, then the forecast equation of the
TKE can be written as follows (Garratt, 1992):

05 —ou og— O(we+"F)
—:—U'W’—+—_W'0V——_87 (1)
ot 0z 09\/ 0z

where 6, is the virtual potential temperature. The first term on the right side of the
equation is the production and loss term caused by wind shear, the second term on
the right side of the equation is the buoyancy production and depletion term, the third
term on the right side of the equation is the turbulent transport and pressure-related
term, and the last term on the right side of the equation is the dissipation term. The
turbulent transportation term does not generate or destroy the TKE, and it just moves
the TKE from one position to another position or redistributes the TKE. This term re-
mains constant at zero in the entire mixing layer; therefore, we did not analyse it in
this study. Moreover, because the time period of pollution usually corresponds to the
stable state, the pressure-related term is also small at this time. Therefore, to differ-
entiate the contribution of horizontal turbulence and vertical turbulence to the TKE,
we only analysed the shear and buoyancy term in TKE forecast equation (Ye et al.,
2015). As shown in Fig. 10d, the average value of the buoyancy term for clear days,
slight haze, light haze, medium haze, and heavy haze is 0.67 x 10_3, 0.64 x 10_3,
0.49x 1072, 0.39x 1073, and 0.24 x 10> m?s~3, respectively, and the average shear
term is 1.02x 1072, 0.66 x 107>, 0.37 x 1072, 0.26 x 107°, and 0.23 x 107> m*s72, re-
spectively. Therefore, the key meteorological factor for the conversion from clear days
to slight haze is the shear term in TKE, and it is mainly characterized by a significant
reduction of horizontal wind velocity; the key meteorological factor for the conversion
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from slight haze to light, medium, and heavy haze is the buoyancy term in TKE, and it
is mainly characterized by a significant reduction of the sensible heat and the MLH.

3.4.2 Critical meteorological conditions for the formation and dissipation of
heavy air pollution

Variations in the MLH represent the vertical diffusion capability of pollutants, and
higher mixing layers indicate a stronger vertical diffusion capability. Variations in the
wind speed represent the horizontal diffusion capability of pollutants, and higher wind
speeds indicate a stronger horizontal diffusion capability. In most studies, the product
of the MLH and the wind speed (ventilation coefficient) is usually used as the index
to measure the capability of atmospheric diffusion (Tang et al., 2015). To represent
the atmospheric diffusion capability during different seasons, we analysed the ventila-
tion coefficient (VC) in the Beijing area. As shown in Fig. 11a, the atmospheric diffu-
sion capability is the strongest in spring with a ventilation coefficient of approximately
2000m°s™"; the atmospheric diffusion capability in summer reaches 1782 m?s”™', and
in autumn and winter, it reaches 1095 and 1072 m? s'1, respectively. The ventilation
coefficient is the highest and the lowest in April and December when the maximum
and minimum are 2074 and 893 m? s'1, respectively. The ventilation coefficient in April
is 2.3 times than that in December. Although the atmospheric diffusion capability is
strong in spring and summer and the atmospheric diffusion capability in summer is 1.7
times than that of autumn and winter, the visibility is the lowest (~ 9km) in summer
and the PM, 5 concentration is the highest (~ 85 ug m'3) (Fig. 11a). By dividing the vis-
ibility between > 10 km and < 10 km, we find that the occurrence frequency of haze is
highest in summer at up to 73 %, and approximately 40 % in other seasons. Therefore,
the heavy pollution in summer and its relatively high atmospheric diffusion capability
exhibit a conflicted state.

According to the discussion in Sect. 3.4.1, small differences occur in the atmospheric
MLH between slight haze days and clear days. As the haze grade increases, the at-
mospheric MLH gradually declines, which indicates that at a slight pollution stage, the
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degree of atmospheric pollution is essentially not related to the MLH and the pollu-
tion degree depends on the horizontal diffusion capability as affected by the horizontal
wind speed. At the heavy pollution stage, the pollution degree is determined by the
vertical diffusion capability as affected by the MLH. The statistical results of previous
studies indicate that as the MLH decreases and the concentration of atmospheric parti-
cles gradually increases, the visibility gradually decreases. However, an analysis of the
MLH and the particle concentration or visibility indicates that the correlation between
the MLH and the particle concentration or visibility is not strong, and they may even be
uncorrelated (Li et al., 2015; Tang et al., 2015). To determine the relationship between
the atmospheric MLH and atmospheric pollution, we analysed the correlation between
the daily average MLH and atmospheric visibility and found that the correlation be-
tween the MLH and atmospheric visibility is poor and has a correlation coefficient of
0.08, which is consistent with the results of previous studies (Li et al., 2015). However,
an analysis of the correlation between the MLH and visibility under different relative
humidity showed that when the relative humidity is greater than 80 %, the correlation
between the MLH and visibility suddenly increases and produces a correlation coeffi-
cient of 0.72 (Fig. 11b). Previous studies have indicated that there are considerable dif-
ferences in the chemical composition of particles between clear and haze days, and as
the particle concentration increases, the magnitude of enhancement is highest for sul-
fates, nitrates, and ammonium aerosols with relatively strong hygroscopicity, whereas
the magnitude of enhancement is relatively low for organic matter aerosols with rela-
tively weak hygroscopicity. Therefore, the variation in crustal elements is not significant
and exhibits higher sulfate, nitrate, and ammonium ratios on haze days (Zhang et al.,
2014). This result also indicates that the humidity plays an important role in transform-
ing the pollutants for heavy haze days. Under low humidity conditions, the contribution
of humidity-related physiochemical processes to the atmospheric particles is relatively
low, and the processes of local emissions, regional transportation, and physiochemical
generation dominate the concentration of atmospheric particles. Therefore, the correla-
tion between visibility and the MLH is insignificant because of the contributions of parti-
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cles from different processes. Under high humidity conditions, the influence of regional
transportation during heavy pollution periods may worsen the correlation between the
heavy pollution degree and the MLH. Therefore, a relatively strong correlation indicates
that heavy pollution is mainly from local contributions, which is consistent with the pre-
vious study (Tang et al., 2015). Increases in relative humidity cause an increase in the
amount of liquid-phase and heterogeneously generated chemicals and significant hy-
groscopic growth of particles, and the main source of particle changes to locally gener-
ated humidity-related physiochemical processes. Overall, the high correlation between
visibility and the MLH under high humidity characterizes the generation of humidity-
related physiochemical processes as the main source of atmospheric particles under
heavy pollution, whereas the dissipation of atmospheric particles mainly depends on
the vertical diffusion capability, which is dominated by the atmospheric MLH. These
analyses show that the primary critical condition for the formation of heavy pollution is
relative humidity, and the critical threshold is 80 %. To determine the other critical condi-
tion for the MLH, we analysed the fitting equation during heavy haze periods when the
relative humidity exceeds 80 % and calculated the MLH corresponding to four different
degrees of pollution with atmospheric visibility of 2, 3, 5, and 10 km. We found that the
critical MLH for the four states of slight, light, medium, and heavy haze were 1209, 618,
382, and 263 m, respectively. This result demonstrates the two critical meteorological
conditions for the formation of heavy pollution and is significant for the forecasting and
warning of atmospheric pollution.

After determining the critical meteorological condition for the formation of heavy pol-
lution, an analysis of the meteorological conditions in summer showed that the rela-
tively low wind speed is a prerequisite for an increase in haze days and the high rel-
ative humidity increases the generation velocity of particles (Fig. 7a). Once the cloud
fraction increases, radiation levels will dramatically decline, and the atmospheric MLH
will also decrease as well. Such conditions cause a weakening of the atmospheric dif-
fusion capability and lead to the frequent occurrence of heavy pollution events with an
enhanced concentration of atmospheric particles and reduced visibility.
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4 Conclusions

Continuous high-resolution observations of MLH are required to understand the struc-
ture of the atmospheric mixing layer in the Beijing and North China Plain areas. In
order to acquire the high-resolution observations of MLH, a study was performed from
July 2009 to December 2012 using a ceilometer in the Beijing urban area. Based on
a comparison and validation of multiple types of data, we determine that the ceilome-
ter underestimates MLH during neutral stratification caused by strong winds, whereas
it overestimates MLH during dust crossing. By combining conventional meteorological
data and PM, s and PM,, observational data, we screen the observation results for
the MLH, and the ceilometer observations are fairly consistent with the meteorological
radiosonde profile results. The correlation coefficient is more than 0.9, and the effective
rate of acquired data is near 80 %. This method replaces the time-consuming method
of filtering the data manually, which is of great practical value for future measurements
of MLH with ceilometers.

The characteristics of variation in the MLH indicate that the MLH in the Beijing area
exhibits the feature of being low in autumn and winter, and being high in spring and
summer. There is a significant correlation between the variation in the MLH and the
sensible heat flux, which characterizes the dominant role of radiation in the variations
of MLH. However, the characteristics of diurnal variation in the mixing layer during
summer is affected by the circulation of mountainous plain winds. The mountainous
wind in summer causes the mixing layer at night to gradually decline, which suppresses
the development of the mixing layer before noon, and the prevalence of plain winds
after noon causes the mixing layer to increase rapidly. Therefore, the mountainous
plain winds leads to the concave-down variation in the fast development stage of the
mixing layer in summer compared to the spring.

By applying visibility as the index for the classification of atmospheric pollution de-
gree, it is found that in comparison with a clear day, the variation of sensible heat and
buoyancy term in TKE of a slight haze day is insignificant, and the reduction of shear
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term in TKE is significant; in comparison with the slight haze day, the variation of shear
term in TKE of medium and heavy haze days is insignificant, and the declination of
sensible heat and buoyancy term in TKE is significant. At a slight pollution stage, the
degree of atmospheric pollution is essentially not related to the MLH and the pollution
degree depends on the horizontal diffusion capability as affected by the horizontal wind
speed. At the heavy pollution stage, the pollution degree is determined by the vertical
diffusion capability as affected by the MLH. Although the correlation between the daily
MLH and the visibility is very poor, the correlation between them is significantly en-
hanced as the relative humidity increases. The high correlation between visibility and
the MLH under high humidity characterizes the generation of humidity-related phys-
iochemical processes as the source of atmospheric particles under heavy pollution,
whereas the dissipation of atmospheric particles mainly depends on the vertical diffu-
sion capability, which is dominated by the atmospheric MLH.

The aforementioned results provide reliable basic data for better portraying the struc-
ture of the boundary layer and improving the parameterization scheme of the boundary
layer in meteorological models. Studies on the atmospheric mixing layer and its thermal
dynamic structure under different degrees of pollution reveal the critical meteorological
conditions underlying the formation, evolution, and dissipation of atmospheric heavy
pollution, and provide a scientific basis for improving atmospheric chemistry models
and the forecasting and warning of atmospheric pollution.
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Table 1. Site description and instrument list. BJT refers to the Beijing tower; ZBAA is the inter-

national standard weather station.

Sites  Long, lat Instruments Time interval Time resolution
BJT 116.37,39.97 CL31 15 Jul 2009-31 Dec 2012 10min
PM, 5,PM;, 15 Jul 2009-31 Dec 2012 60 min
Tower-based meteorology 15 Jul 2009-31 Dec 2012 5min

ZBAA 116.28, 39.48 Weather balloons
Weather balloons

Ground-based meteorology

15 Jul 2009-31 Dec 2012
1 Jan 2012-31 Dec 2012
15 Jul 2009-31 Dec 2012

1 per week at 14:00 LT
08:00 and 20:00 LT
30min
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