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Abstract. The mixing layer is an important meteorological
factor that affects air pollution. In this study, the atmospheric
mixing layer height (MLH) was observed in Beijing from
July 2009 to December 2012 using a ceilometer. By com-
parison with radiosonde data, we found that the ceilometer
underestimates the MLH under conditions of neutral strat-
ification caused by strong winds, whereas it overestimates
the MLH when sand-dust is crossing. Using meteorologi-
cal, PM,5, and PMjg observational data, we screened the
observed MLH automatically; the ceilometer observations
were fairly consistent with the radiosondes, with a correla-
tion coefficient greater than 0.9. Further analysis indicated
that the MLH is low in autumn and winter and high in spring
and summer in Beijing. There is a significant correlation be-
tween the sensible heat flux and MLH, and the diurnal cy-
cle of the MLH in summer is also affected by the circula-
tion of mountainous plain winds. Using visibility as an in-
dex to classify the degree of air pollution, we found that the
variation in the sensible heat and buoyancy term in turbu-
lent kinetic energy (TKE) is insignificant when visibility de-
creases from 10 to 5 km, but the reduction of shear term in
TKE is near 70 %. When visibility decreases from 5 to 1 km,
the variation of the shear term in TKE is insignificant, but
the decrease in the sensible heat and buoyancy term in TKE
is approximately 60 %. Although the correlation between the
daily variation of the MLH and visibility is very poor, the

correlation between them is significantly enhanced when the
relative humidity increases beyond 80 %. This indicates that
humidity-related physicochemical processes is the primary
source of atmospheric particles under heavy pollution and
that the dissipation of atmospheric particles mainly depends
on the MLH. The presented results of the atmospheric mix-
ing layer provide useful empirical information for improving
meteorological and atmospheric chemistry models and the
forecasting and warning of air pollution.

1 Introduction

The mixing layer is formed when discontinuous turbulence
exists due to discontinuities in temperature stratification be-
tween the upper and lower layers of the atmosphere. The at-
mospheric mixing layer height (MLH) is an important mete-
orological factor that affects the vertical diffusion of atmo-
spheric pollutants and water vapour concentrations; there-
fore, it impacts the formation and dissipation of air pollu-
tants (Aron, 1983; Stull, 1988). Continuous observations of
the MLH are helpful for improving the parameterizations of
boundary layer models, and they play an important role of
improving the simulation accuracy of meteorological models
and optimizing the simulation results for pollutants.
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Three primary observation methods are used to deter-
mine the MLH: meteorological radiosondes, aeroplane sur-
veys, and ground-based remote sensing. As the most con-
ventional observation approach, meteorological radiosonde
profiles utilize a large number of observation stations dis-
tributed globally and provide high-quality data. However, be-
cause of the high cost of the observation, only two observa-
tions at 00:00 and 12:00 UTC are available from most sta-
tions (Seibert et al., 2000). When solar radiation increases in
the morning, the growth rate of the MLH reaches hundreds
of metres per hour and convection develops quickly; even
if hourly observations were available, they could not provide
sufficient temporal resolution of the evolution of MLH (Seib-
ert et al., 2000). Although aeroplane surveys can be used
to obtain high-resolution meteorological and pollutant pro-
files, the constraints of air traffic control, weather conditions,
and observation costs limit these data to short time periods.
Therefore, to acquire continuous observations with high spa-
tial and temporal resolution, ground-based remote sensing
has become the most advanced approach to MLH measure-
ment.

Acoustic radar (sodar), laser radar (lidar) and electromag-
netic radar (Doppler radar) are the three methods used to per-
form ground-based remote sensing. Sodar can obtain the ver-
tical profiles of wind and temperature, and these can be used
to calculate the MLH. Doppler wind radar can obtain vari-
ations of the wind vectors at different altitudes and identify
the mixing layer through wind shear. Lidar can obtain the
vertical profile of the aerosol concentration and discern the
atmospheric MLH by calculating the height at which sudden
changes in the profile occur.

Beyrich (1997), Seibert et al. (2000), and Emeis
et al. (2008) conducted reviews of these three methods, com-
paring their advantages and disadvantages. The sodar detec-
tion height is usually less than 1000 m, which is not con-
ducive for observing the MLH under convection states. The
lowest detection height of wind radar is normally above
200m, and the vertical resolution is limited to 50-250 m,
factors that make the interpretation of wind radar data not
always straightforward (Seibert et al., 2000). Prior to the ap-
plication of modern laser ceilometers, lidar was costly and
not widely used. In recent years, lidar observation technol-
ogy has developed rapidly, and an increasing number of
applications have used lidar for MLH observations (White
et al., 1999; Steyn et al., 1999; Hégeli et al., 2000; Chen
etal., 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; Hennemuth and Lammert,
2006; Emeis etal., 2007; Wang et al., 2012; Yang et al., 2013;
Luo et al., 2014; Scarino et al., 2014). Meanwhile, eye-safe
ceilometers that permit observation of the MLH with a near-
infrared band laser have been developed. Due to their simple
operation and low cost, these instruments have become the
optimal method for MLH observation, and they have been
widely used in recent years (Minkel and Résénen, 2004;
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Emeis et al., 2004, 2012; Emeis and Schéfer, 2006; Eres-
maa et al., 2006; Minkel et al., 2007; McKendry et al., 2009;
Kamp and McKendry, 2010; Mufioz and Undurraga, 2010;
Flentje et al., 2010; Chen et al., 2011; Haeffelin et al., 2012;
Pappalardo et al., 2014; Wiegner et al., 2014; Schween et al.,
2014; Sicard et al., 2015; Tang et al., 2015).

Beijing, located on the North China Plain, is the centre of
politics, culture, and economics in China. With the rapid de-
velopment of the economy and the concomitant increase in
energy usage, serious air pollution and heavy haze occurs fre-
quently (Tang et al., 2009, 2012, 2015; Xin et al., 2010; Wang
et al., 2014; Zhang et al., 2014; Yang et al., 2015). Previous
studies of Beijing have indicated that visibility declines dra-
matically when the concentration of particles increases; the
weather conditions typically include high relative humidity
(RH), stable atmospheric stratification, and low wind speed
(WS) with southerly flow during the polluted period (Ding
et al., 2005; Liu et al., 2014; Zhang et al., 2015).

Although many studies have provided detailed descrip-
tions of other weather conditions during heavy pollution peri-
ods, variations in atmospheric MLH are not well understood.
As a key meteorological factor, MLH has a strong influence
on the occurrence, maintenance, and dissipation of heavy
pollution. For most areas in northern China, the meteorolog-
ical radiosondes can only acquire the MLH in the morning
(08:00LT) and at night (20:00LT), so observations of the
convective mixing layer at noon are lacking. In certain stud-
ies, simulations with numerical models, short-time ground-
based remote sensing, or meteorological profiles are used to
provide a preliminary description of MLH during heavy pol-
lution periods (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), but continuous high-resolution ob-
servations over a long time period have not been conducted
for this region. Without the continuous high-resolution char-
acteristics of MLH, its impact on air pollution cannot be stud-
ied thoroughly (Schéfer et al., 2006).

To compensate for the deficiencies in the aforemen-
tioned studies, a ceilometer was used to conduct continu-
ous high-resolution observations for 3years and 6 months
(from July 2009 to December 2012) in Beijing. By compar-
ing the obtained data with multiple meteorological and pol-
lutant data sets, we verified the applicability of the ceilome-
ter and obtained the temporal variations of the MLH over
3years. By combining the meteorological data, we were able
to determine the variations of the mixing layer and the atmo-
spheric diffusion capability in different seasons. Finally, we
used visibility as an index to classify the degree of air pol-
lution, and analysed the thermal/dynamic parameters inside
the mixing layer under different degrees of pollution; then,
we delineated the influence of MLH on air pollution and re-
vealed the critical meteorological factors that affect the for-
mation and dissipation of heavy air pollution in Beijing.
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Table 1. Site description and instrument list. BJT refers to the Beijing tower; ZBAA is the international standard weather station.

Sites Long, lat Instruments Time interval Time resolution
BJT 116.372,39.974 CL31 15 Jul 2009-16 Dec 2012 10 min
PM, 5, PM1g 15 Jul 2009-31 Dec 2012 60 min
Tower-based meteorology 15 Jul 2009-31 Dec 2012 30 min
Chemical compositions in PM1 24 Nov 2010-31 Dec 2012 60 min

ZBAA 116.282,39.484 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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Figure 1. Topography and the observation sites.

2 Methods
2.1 Sites and instruments

To understand the characteristics of the mixing layer in the
Beijing area, we conducted observations for 3years and
6 months (from 15 July 2009 to 16 December 2012) in Bei-
jing. The observation sites, parameters, and time periods are
shown in Fig. 1 and Table 1.

2.1.1 BJT site

The site used to measure the MLH was built in the courtyard
of the Institute of Atmospheric Physics, Chinese Academy of
Sciences, to the west of the Jiande bridge in the Haidian dis-
trict, Beijing (ID: BJT). This site is located between the north
third and the north fourth ring road, and the Beijing-Tibet
motorway is on the eastern side. The geographic location of
the station is 39.974° N, 116.372° E, and the elevation (a.s.l.)
is approximately 60 m.

The instrument used to observe the MLH was a single-lens
ceilometer (CL31, Vaisala, Finland). This instrument utilizes
pulsed diode laser lidar technology (910 nm waveband) to
measure the attenuated backscatter coefficient profile and
then determine the MLH. For practical measurements, the
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time resolution was set to 165, 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
3days.

The conventional meteorological data during the same pe-
riod included temperature, RH, WS, and wind direction ob-
servations at 8, 15, 32, 47, 65, 80, 100, 120, 140, 160, 180,
200, 240, 280, and 320 m along the tower in a vertical direc-
tion, and the temporal resolution was 30 min. The detailed
description is provided by Song et al. (2013). The thermody-
namic parameters (sensible heat, latent heat, friction velocity,
etc.) and the total (285-2800 nm) and net (0.2-100 pm) radi-
ation during the same period were observed using ultrasonic
anemometers (CSAT3, Campbell Scientific, USA), a pyra-
nometer (CM11, Kipp & Zonen, Netherlands) and a net ra-
diometer (NR Lite2, Kipp & Zonen, Netherlands), respec-
tively. All of these data were obtained on the meteorologi-
cal tower at a height of 280 m and processed with a resolu-
tion of 30 min. The detailed description is provided by Hu
et al. (2012) and Song and Wang (2012). The sensible heat
(On), latent heat (Qg), friction velocity (), and turbulence
kinetic energy (TKE) were calculated as follows (Stull, 1988;
Garratt, 1992):

O = pep 'y M

Qe = Lyw'q’ (2
. 1/4

Uy = (u/u/2 + v’w/z) ?3)

TKE 1 —

=g (i) =z @

where p is the air density (kgm~3), ¢, is the specific heat
capacity for air at constant pressure (Jkg—* K1), 6y is the
virtual potential temperature (K), Ly is the latent heat of va-
porization of water (Jkg™?), ¢ is the water vapour density
(kgm—3), m is the mass (kg), e is the TKE per unit mass
(m?s~1), and «, v, and w are the streamwise, cross-stream
and vertical wind velocities (ms~1), respectively.

To identify the sand-dust crossing, the ratio of PMy 5 to
PMjg was used as an index. If there was no sand-dust cross-
ing, the ratio of PM2 5 to PM1g might almost exceed 50 %
(Liu et al., 2014). A sudden decrease in the ratio to 30 % or
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lower and PM1q concentration higher than 500 pgm—2 usu-
ally indicate a sand-dust crossing. The ground observations
of PM3 5 and PM1g during the same period were made by the
ambient particulate monitor (RP1400a, Thermo Fisher Sci-
entific, USA). The data were acquired at a time resolution of
5min and processed with a resolution of 60 min. A detailed
description is provided by Liu et al. (2014).

To illustrate the variations of the chemical composi-
tions in particles, the ground-based observations of organic
matters (OM), sulphate (SOi*), nitrate (NO3), ammonium
(NH;) and chloride (CI~) in PM; were observed by a high-
resolution time-of-flight aerosol mass spectrometer (Aero-
dyne Research Inc., USA). The data were acquired at a time
resolution of 5 min and processed with a resolution of 60 min.
A detailed description has been reported elsewhere (Zhang et
al., 2014).

2.1.2 ZBAAsite

The meteorological radiosondes were measured by the inter-
national standard weather station (ID: ZBAA) that is located
outside the south second ring road in the Fengtai district, Bei-
jing, 10km from the BJT site. The geographic position of
station ZBAA is 39.484° N and 116.282° E, and the eleva-
tion (a.s.l.) is approximately 34 m.

The meteorological radiosondes observed at station ZBAA
included two categories: conventional observations, which
were conducted at 08:00 LT in the morning and at 20:00 LT
in the evening each day; and intensified observations, which
were conducted at 14:00LT in the afternoon every Thurs-
day. The observed meteorological parameters included atmo-
spheric pressure, temperature, RH, WS, wind direction, and
ozone. In this study, the methods of Eresmaa et al. (2006)
and Minkel et al. (2007) were used to divide the radioson-
des into stable and convective states according to the atmo-
spheric stratification status. The meteorological radiosondes
were defined as encountering a convective state when they
exhibited negative lapse rates for the 6, within 200 m and
bulk Richardson numbers (Rg) within 100 m, and other pro-
files were defined as a stable state. In this project, the Rg was
determined by the formula of Stull (1988), as follows:

N gA@VAZ
o ((Aw)? + (Av)?)’

Rp )
where g is the acceleration of gravity (ms—2), and z is the
height (m).

PM concentration proved to be a good indicator for char-
acterization of the degree of air pollution. However, haze was
defined by the visibility in China as shown in Table 2 (CMA,
2010), and it was remarkably negatively correlated with PM
concentration (Yang et al., 2015). Because PM data were oc-
casionally missing, visibility was used as an index to clas-
sify the degree of air pollution. Visibility at station ZBAA,
which was obtained from the Department of Atmospheric
Science, College of Engineering, University of Wyoming
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(http://weather.uwyo.edu/surface/meteorogram/), was mea-
sured by a visibility sensor (PWD12, Vaisala, Finland) with
an accuracy of +10%.

2.2 Determination of the MLH
2.2.1 MLH retrieval by ceilometer

Because the lifetime of particles can be several days or even
weeks, the distribution of particle concentrations in the MLH
is more uniform than that of gaseous pollutants. However,
the particle concentration in the mixing layer and that in the
free atmosphere are significantly different. In the attenuated
backscatter coefficient profile, the position at which a sudden
change occurs in the profile indicates the top of the atmo-
spheric mixing layer. In this study, we used the Vaisala soft-
ware product BL-VIEW to determine the MLH by selecting
the location with the maximum negative gradient (—dg/dx)
in the attenuated backscatter coefficient profile as the top of
the mixing layer (Steyn, et al., 1999; Minkel et al., 2007). To
eliminate the influence of inherent noise and aerosol layers
on the data, spatial and temporal averaging must be carried
out before the gradient method is used to calculate the MLH
(Munkel et al., 2007; Tang et al., 2015). Time averaging is
dependent on the current signal noise; the intervals vary from
14 to 52 min for the CL31. Height averaging intervals range
from 80 m at ground level to 360 m at 1600 m height and be-
yond. Additional features of this algorithm, which is used in
the Vaisala software product BL-VIEW, are cloud and pre-
cipitation filtering and outlier removal.

2.2.2 MLH retrieval by radiosonde

A number of methods have been developed for analysis
of the mixing layer through the meteorological radiosonde
(Beyrich, 1997; Seibert et al., 2000; Wang and Wang, 2014).
In this study, we calculated the MLH for the convective and
stable states, respectively. For the convective state, we used
the Holzworth method (Holzworth, 1964, 1967), which is the
method most widely applied to obtain the MLH by analysing
profiles in the 6,. In a stable state, a low-level jet often occurs
in Beijing, and we can determine the MLH by analysing the
position of the low-level jet (Devara et al., 1995; Tang et al.,
2015). If the low-level jet does not exist under stable weather
conditions, the altitude at which the Rg is greater than 1 is
the MLH (Mogelezang and Holtslag, 1996; Eresmaa et al.,
2006).

3 Results and discussions
3.1 Verification of the MLH
Previous studies with ceilometers did not resolve issues con-

cerning the applicability of ceilometers in Chinese areas with
high aerosol concentrations. According to the methods de-
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Table 2. Statistics of the thermal/dynamic parameters under different degrees of air pollution.

Parameters Clear days Slight haze Light haze Medium haze  Heavy haze

Vis>10km 5km=<Vis<1l0km 3km<Vis<5km 2km=<Vis<3km Vis<2km
WS (ms—1) 38 2.5 2.1 2.0 1.8
RH (%) 433 63.1 73.4 79.6 86.4
MLH (m) 664 671 586 430 320
0* (Wm~2) 77.6 74.6 63.9 53.6 32.8
On (Wm™2) 20.4 19.7 15.2 12.8 7.8
Qe (Wm~2) 18.7 19.9 215 18.8 19.8
s (Ms—1) 0.45 0.32 0.28 0.26 0.23
z (m?s=2) 0.99 0.64 0.56 0.52 0.46
BT (x 1073 m?2s73) 0.67 0.64 0.49 0.39 0.24
ST (x 1073 m2s573) 1.02 0.66 0.37 0.26 0.23

WS: wind speed; RH: relative humidity; O*: net radiation; Qy: sensible heat; Qg: latent heat; u.: friction velocity; e: TKE per unit mass; BT: buoyancy

term in TKE; ST: shear term in TKE.
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scribed in Sect. 2.1.2, 260 and 540 effective observations
were obtained for the convective and stable states, respec-
tively. The MLH data acquired by meteorological radioson-
des and by ceilometer were compared for the two types of
weather conditions (Fig. 2). Using the MLH calculated by
the radiosondes as a reference, the comparison showed that
the MLH observed from the ceilometer was overestimated or
underestimated in a portion of the samples.

Because the ceilometer determines the MLH by measuring
the attenuated backscatter profile, if the concentration of at-
mospheric particles is relatively low, it will be difficult to de-
termine the MLH based on a sudden change in the backscat-
ter profile, and use of this method will lead to a higher ab-
solute error (MLHcgjjometer — MLHradiosonde) Of the measured
MLH (Eresmaa et al., 2006; Mufioz and Undurraga, 2010).
When taking the visibility into account, we found that the un-
derestimations of the observed MLH always occurred when
visibility was good. However, there were still a number of
samples that had low absolute error under conditions of good
visibility (Fig. 2). Consequently, clear days with good visi-
bility are not the main reason for underestimation of the ob-
served MLH.

To investigate why the ceilometer results produced under-
estimations, we analysed those samples with good visibility
and small absolute error. The results showed that although
the visibility was good, the absolute error of the MLH was
still small when the aerosol concentration showed large dif-
ferences in the vertical direction. After taking the RH and
wind vectors into account, we found that underestimations
were always accompanied by low RH and strong northerly
wind (Figs. 3 and 4). The local meteorological conditions in
Beijing indicated that this kind of meteorological condition
is usually caused by the bypass of a cold air mass. When
strong northerly winds with dry and clear air masses pre-
vail in Beijing, atmospheric aerosols spread rapidly to the
downstream region, resulting in a dramatic decrease in local
aerosol concentration and good visibility. In addition, the dry
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air mass suppresses the liquid-phase and heterogeneous reac-
tions of the gaseous precursors and the hygroscopic growth
of aerosols can also be neglected. Therefore, the formation of
aerosols cannot compensate for the transportation loss, lead-
ing to low and uniform aerosol concentrations in the verti-
cal direction. Once the aerosol concentration becomes uni-
form in the vertical direction, the ceilometer cannot calcu-
late the MLH correctly through sudden changes in the at-
tenuated backscatter profiles, resulting in serious underesti-
mations. An analysis of the relationship between the Rg and
the absolute error showed that when the ceilometer-measured
MLH is subject to large absolute error, the Rg below 100 m
is approximately 0 (Fig. S1 in the Supplement). Thus, the
near-neutral atmospheric stratification caused by the passage
of a cold air mass is the primary reason for the serious under-
estimations.

With respect to overestimations of the ceilometer results,
we may take the meteorological radiosonde at 14:00 LT on
29 December 2009 as an example (Fig. 5). The MLH is
determined at approximately 1100 m, where the 6, and the
WS begin to increase; the ozone concentration is transported
from the background area, where ozone is present at approx-
imately 40 ppbv. However, the ceilometer recorded a higher
MLH at approximately 1500 m, where there was a sudden
change in the backscatter gradient. When we measured the
PM2 5 / PMyg ratio at this moment, we found that the ratio
was only 0.15, a clear characteristic of a sand-dust crossing.
Due to the large number of dust particles, the aerosol con-
centrations became uniform below 1500 m. This led to a sud-
den change in the backscatter gradient at 1500 m and made
it difficult to identify the real MLH at 1100 m; thus, an er-
roneously high MLH was determined. This result shows that
sand-dust crossing is the main reason for the overestimations
(Figs. 2 and 5).

Because the detected aerosol layers are not only the result
of ongoing vertical mixing but also always originate from ad-
vective transport or past accumulation processes, interpreting

Atmos. Chem. Phys., 16, 2459-2475, 2016
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data from aerosol lidars is often not straightforward (Russell
et al., 1974; Coulter, 1979; Baxter, 1991; Batchvarova et al.,
1999). Therefore, improving the algorithm cannot resolve the
underestimations and overestimations of the ceilometer ob-
servations; the only option that can be used to rectify the
MLH is to eliminate the data with large absolute error. After
determining the reasons for the underestimations and overes-
timations, the elimination is much easier to implement. For
underestimations, the meteorological data were used to elim-
inate the periods when cold air passed with a sudden change
in temperature and WS. For overestimations, we referred to
the sand-dust weather almanac to identify the sand-dust days
firstly (CMA, 2012, 2013, 2014, 2015). Using the principal
described in Sect. 2.1.1, the exact times of sand-dust start-
ing and ending were determined as the times which the ratio
of PM3 5 to PM1g suddenly decreased or increased, respec-
tively. Finally, the data obtained during the sand-dust periods
were eliminated.

After the screening process, the post-elimination ceilome-
ter data and meteorological radiosondes are strongly corre-
lated, with a correlation coefficient greater than 0.9, demon-
strating the effectiveness of the elimination method (Fig. 6).
Consequently, the elimination results are good. This method

Atmos. Chem. Phys., 16, 2459-2475, 2016

replaces the time-consuming method of filtering the data
manually and is of great practical value for future measure-
ments of MLH with ceilometers.

3.2 MLH variations

To provide a detailed description of variations in the MLH,
we selected continuous measured MLH and meteorological
data over a 3-year period (from December 2009 to Novem-
ber 2012). First, the availability was verified after the MLH
elimination by the aforementioned method. The results of the
evaluation indicate that the availability in different seasons
is significantly negatively correlated with WS and positively
correlated with RH (Fig. 7a). For spring and winter seasons
with large WS and low RH, the availability is low, whereas
for summer and autumn seasons with small WS and high RH,
the availability is high. In particular, the availability is low-
est in January at 63.5% and highest in June at 95.0%. The
successful retrieval of MLH over the 3-year period is approx-
imately 80 %, much higher than in a previous study (Mufoz
and Undurraga, 2010).

Using the validated data, we analysed seasonal variations
over 3years. The results showed that the changes of the
monthly mean were similar in different years, and no inter-

www.atmos-chem-phys.net/16/2459/2016/
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annual trend can be found (Fig. 8). Therefore, we examined
the averaged seasonal variation, and the monthly mean of the
daily minimum, average, and maximum were calculated, re-
spectively. The daily minimum of the mixing layer was high
in winter and spring, and low in summer and autumn. The
maximum monthly mean of the daily minimum MLH was
351+ 185m in May, and the minimum was 238 £ 202 m in
October. The daily minimum MLH generally occurred dur-
ing night-time under conditions of stable stratification, and
the nocturnal stable boundary layer height was closely re-
lated to WS (Zilitinkevich and Baklanov, 2002; Hyun et al.,
2005); therefore, the seasonal variation in daily minimum
MLH was related to the seasonal variation in WS (Fig. 7a).

www.atmos-chem-phys.net/16/2459/2016/

Compared with the daily minimum MLH, both the
monthly mean of the daily average and the maximum MLH
exhibited different seasonal variations. As shown in Fig. 7b,
two platform periods (from March to August and from Oc-
tober to January) and two transitional periods (February
and September) occur for the monthly average MLH. The
MLH is similar from October to January at approximately
500m, and it is similar from March to August at approx-
imately 700 m. February and September are the two tran-
sitional months and have values of approximately 600 m.
The month with the highest MLH is May at 739 +£137m
(mean = standard deviation of the mean), and the MLH is
lowest in December at 435 4 148 m. The seasonal variation
in the daily maximum MLH is similar to the monthly mean

Atmos. Chem. Phys., 16, 2459-2475, 2016
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with the highest in May at 1480 + 448 m and the lowest in
December at 787 £ 297 m.

Previous studies have suggested that the seasonal varia-
tion in the MLH may be related to radiation flux (Kamp
and McKendry, 2010; Mufioz and Undurraga, 2010), but our
study was not entirely consistent as shown in Fig. 7b. Al-
though spring had a significantly higher total radiation flux
than summer, the MLH in spring is equal to that in summer.
This is because more data were eliminated for winter and
spring, especially for weather with dry wind and relatively
high MLHSs. Thus, using the monthly mean of MLH is not
a good method by which to analyse the reasons for MLH
variations.

To gain a better understanding of the MLH variations, we
use the daily mean instead of the monthly mean to do the
analysis. As the most simple framework in which we can
analyse the MLH variations in Beijing, we consider the ther-
modynamic model of the mixing layer growth (Stull, 1988),
as follows:

10/ _ 1707
_w'hg—w'o,

ar VZi ’

9z

(6)
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where z; is the MLH (m), ¢ is the time (s), 6s is the virtual po-
tential temperature near the ground (K), 6,, is the virtual po-
tential temperature in the top of the mixing layer (K), and y
is the lapse rate of the virtual potential temperature (Km™1).
Suppose the heat from the ground is the only way to warm
the mixing layer and the heat flux at height z; is zero, then the
MLH is related to w’6{. Considering that Qy is defined as the
Eqg. (1), MLH is correspondingly related to Q. Therefore,
the relationship between daily changes in the Oy at 280m
and MLH was analysed. The results showed that the average
Oy and MLH from 12:00 to 17:00 LT were well correlated,
with a correlation coefficient of 0.65. Because net radiation
(Q*) should be balanced by the Oy, Qg, and soil heat flux
(Qc) given as follows (Stull, 1988):

Q" = QOu+ Qe+ O, )

the strong correlation between the Oy and MLH proves the
dominant role of radiation in the variation of MLH (Fig. 9).
3.3 Impact of mountainous plain winds on MLH

We analysed the diurnal variations of MLH on a monthly ba-
sis and found that the MLH develops in four stages: from

www.atmos-chem-phys.net/16/2459/2016/
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09:00 to 14:00 LT, which is the fast development stage; from
14:00 to 18:00LT, which is the maintenance stage; from
18:00 to 20:00 LT, which is the rapid decrease stage; and
from 20:00 LT to the next morning at 08:00 LT, which is the
stable boundary layer stage (Fig. S2). These stages of devel-
opment and dissipation mechanisms are consistent with the
description reported by Stull (1988). The daily MLH range
is 728, 828, 562, and 407 m for spring, summer, autumn and
winter, respectively. The relatively low ranges in autumn and
winter are obviously related to the low radiation flux. How-
ever, it should be noted that summer has lower radiation and
a larger daily range than spring (Fig. 7). Therefore, our study
will emphasize the reasons for the differences in the daily
MLH range in summer and spring.

As shown in Sect. 3.2, the monthly average MLH is sim-
ilar between spring and summer. However, when the daily
growth rates in spring and summer were compared using
the T test, the results showed the difference was significant
(P < 0.05) between the two seasons. As shown in Fig. 10a,
at night-time in spring, the MLH is high and almost constant,

www.atmos-chem-phys.net/16/2459/2016/

whereas at night-time in summer, the MLH shows a grad-
ual decreasing trend. After sunrise and before 12:00 LT, the
rate of increase in the MLH is relatively high in spring,
reaching 114 mh—1, whereas the rate in summer is relatively
low, 102mh~1. Between 12:00 and 14:00 LT in spring, the
rate of increase in the MLH is 119 mh~!, whereas in sum-
mer the rate of increase is significantly enhanced, reach-
ing 165 mh~1. Such changes reflect the convex and concave
characteristics in spring and summer during the development
stage of the MLH, respectively.

The development of MLH is mainly related to the tur-
bulent energy and the production of the turbulent energy is
closely related to two components: the heat flux caused by ra-
diation (% w’6))) and the momentum flux generated by wind

shear (—u/w’9%) (Stull, 1988). Because the seasonal varia-
tion in heat flux is difficult to explain the daily MLH range,
we analysed the seasonal variations of the horizontal wind
vector.

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 10b shows that there is obvious sea-
sonal variation of the wind vector. In winter and spring, Bei-
jing is affected by the Siberian High; at these times, a strong
prevailing northwest wind with dry air mass always occurs.
Therefore, winter season is dominated by a northwesterly
wind, whereas spring typically exhibits a northwest wind in
the morning and a southwest wind in the afternoon. In sum-
mer, the northward lift and westward intrusion of a subtrop-
ical high causes the southerly moist air mass with small WS
to arrive and dominate. Because Beijing is located west of
the Taihang Mountains and south of the Yanshan Mountains
(Fig. 1), without the passage of large- or medium-scale me-
teorological systems in the summer, the local mountainous
plain wind is superimposed on the southerly air flow and
these two systems jointly affect the meteorological charac-
teristics of the North China Plain. Therefore, the alternation
between the mountainous winds that begin at 03:00LT at
night and the plain winds that begin at 12:00 LT in the af-
ternoon occurs in summer. In September, with the southward
and eastward movement of the subtropical high, the circula-

Atmos. Chem. Phys., 16, 2459-2475, 2016
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tion of mountainous plain winds starts to weaken, and this
circulation disappears in November.

When this regional circulation occurs along with surface
cooling that occurs at night in summer, the cold air near the
surface forms a shallow down-sliding flow from the northeast
to the southwest. The cold air flows into the North China
Plain and accumulates in a cold pool, increasing the thick-
ness of the inversion layer, and the thickness of the mix-
ing layer gradually decreases. After sunrise, the radiation
increases; the MLH increases rapidly under the impact of
thermal buoyancy lift, and this type of cold drainage flow
is maintained until 12:00 LT. After 12:00 LT, the plain wind
from the southwesterly direction gradually dominates and is
maintained until approximately 03:00 LT in the morning of
the next day. According to Fig. 10c, from 03:00 to 12:00 LT
in summer, the troposphere below 300m gradually cools

Atmos. Chem. Phys., 16, 2459-2475, 2016

down from low to high due to the cold drainage flow in
the northeasterly direction, and the MLH exhibits a gradu-
ally decreasing trend from 03:00 to 06:00 LT. However, this
trend does not occur in spring (Fig. 10a). Similarly, between
09:00 and 12:00 LT in summer, the cold drainage flow sup-
presses the development of the MLH with a low growth rate;
in spring, without this inhibitory effect, the growth rate of the
MLH is high. After 12:00 LT in summer, the southerly plain
wind causes the growth rate to increase between 12:00 and
14:00LT.

In summary, the mountainous wind in summer causes the
mixing layer to decline gradually at night; this also sup-
presses the development of the mixing layer before noon, and
the prevalence of plain winds after noon causes the mixing
layer to increase rapidly. Therefore, compared to the spring,
the regional circulation in summer produces a concave-down

www.atmos-chem-phys.net/16/2459/2016/
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variation in the rapid development stage of the MLH in
summer. Although some interpretations for the influences of
mountain plain winds are given, more intensive observations
over northern China are suggested in order to analyse this
phenomenon by meteorological radiosondes and additional
observations.

3.4 Implications for air pollution

3.4.1 Thermal/dynamic parameters under different
degrees of pollution

To analyse variations in the thermal dynamic parameters in-
side atmospheric mixing layers under different degrees of
pollution, visibility was used as a reference. WS, RH, On,
OE, u4, and e at 280 m were obtained according to visi-
bility (Fig. 11). Clear days were defined as days when the
visibility is > 10km, and slight, light, medium, and heavy
hazy days corresponded with 5km <visibility < 10km,
3km <visibility < 5km, 2km <visibility <3km and visi-
bility < 2 km, respectively (CMA, 2010). The statistics of the
thermal/dynamic parameters were obtained under different
degrees of air pollution (Table 2). On clear days with atmo-
spheric visibility > 10km, RH was the lowest, with an av-
erage of 43.3%, and Qy, u, and e were the highest, aver-
aging 20.4Wm~=2,0.45ms™1, and 0.99 m?s~2, respectively.
The MLH was 664 m on average, and the maximum in the
afternoon reached 1145 m. Compared with clear days, dur-
ing slight haze pollution the RH significantly increased to
63.1 %, and the u,, and e significantly declined to 0.32ms™?
and 0.64m?s~2, respectively, with a reduction of approxi-
mately 30 %; the Oy and MLH was 19.7Wm~2 and 671 m,
respectively, without any significant changes. With the pollu-
tion aggravated, the RH continued to increase; during light,
medium, and heavy haze it reached to 73.4, 79.6, and 86.4 %,
respectively. The u, and e remained almost constant, and the
Oy and MLH showed a significantly declining trend. Refer
to Table 2 for the measured values under light, medium, and
heavy haze.

In summary, when clear days change to slight haze, the
WS, u,, and e decline significantly but the Oy and MLH do
not change significantly. When slight haze evolves to light,
medium, and heavy haze, significant changes in u, and e
do not occur, but the Oy and MLH decrease significantly. It
should be noted that although the RH varied considerably at
different pollution stages, significant changes in Qg did not
occur; its values were 18.7, 19.9, 21.5, 18.8, and 19.8 Wm—2
on clear days and under conditions of slight, light, medium,
and heavy haze, respectively. Thus, when clear days change
to slight haze, dynamic effects have a relatively large impact
on the mixing layer, whereas when slight haze evolves to
heavy haze, thermodynamic effects play a dominant role.

To verify these results, we examined the TKE budget equa-
tion. If we presume a horizontal average and neglect the ad-
vection of wind, the forecast equation of the TKE can be

www.atmos-chem-phys.net/16/2459/2016/

written as follows (Stull, 1988; Garratt, 1992):

@

de = —u’w/a—ﬁ + iw’@v’ -
ot 9z 6y 0z
1 a (w/p/)
N ®)
P 0z

where p is the air pressure (Pa), and ¢ is the dissipation term
of TKE (m?s—23). The first term on the right side of the equa-
tion is the production and loss term caused by wind shear; the
second term is the buoyancy production and depletion term,
and the third and fourth terms are the turbulent transport
and pressure-related terms, respectively. Because the turbu-
lent transport term does not generate or destroy the TKE but
simply moves the TKE from one position to another or re-
distributes it, the integral of this term in the mixing layer re-
mains constant at zero. Moreover, because the time period of
pollution usually corresponds to the stable state, the pressure-
related term is also small at this time. Therefore, we did not
consider the third and fourth terms of TKE in this study.

To differentiate the contribution of horizontal and verti-
cal turbulence to the TKE, the shear and buoyancy terms in
the TKE forecast equation were analysed as in the previous
study (Ye et al., 2015). When visibility decreases from 10 to
5km, the variation in the buoyancy term is insignificant, but
the reduction in the shear term is near 70 %; when visibility
decreases from 5 to 1 km, the variation in the shear termis in-
significant, but the decrease in the buoyancy term is approx-
imately 60 % (Fig. 11d). Therefore, the key meteorological
factor for the conversion from clear to slight hazy days is the
decrease of the shear term in TKE, and it is mainly character-
ized by a significant reduction in the horizontal wind veloc-
ity; for the conversion from slight haze to light, medium, and
heavy haze, the decrease of the buoyancy term in TKE is cru-
cial, and it is mainly characterized by a significant reduction
in the Oy and MLH.

3.4.2 Critical meteorological factors for air pollution

At least one previous study indicates when the MLH de-
creases, the concentration of atmospheric particles increases
and visibility decreases (Tang et al., 2015). However, anal-
yses of the MLH and particle concentration or visibility in-
dicates that the correlation of these is not strong (Li et al.,
2015). We analysed the correlation between daily averages
of MLH and visibility in this study and found that the cor-
relation between them is poor, with a correlation coefficient
of only 0.08; this finding is consistent with the results of a
previous study (Li et al., 2015).

According to the discussion in Sect. 3.4.1, in addition
to MLH, WS is another factor in controlling air pollution.
The MLH and WS represent the vertical and horizontal dif-
fusion capabilities of pollutants, respectively. Synthesizing
these two factors, the product of the MLH and the WS (ven-
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tilation coefficient: VC) is usually used as an index to mea-
sure the capability of atmospheric diffusion; a higher VC
indicates stronger capability (Tang et al., 2015). As shown
in Fig. 12a, the VC is highest in spring with approximately
2000 m?s~1, followed by summer, autumn, and winter, when
the VC is 1782, 1095 and 1072 m?s~1, respectively. How-
ever, although the atmospheric diffusion capability in sum-
mer is much better than that in autumn and winter, the visibil-
ity is lowest (~ 9 km) and the PM> 5 concentration is highest
(~ 85 pugm—3) in summer (Fig. 12a). By focusing on visibil-
ity >10km and visibility < 10 km separately, we find that
the frequency of haze occurrence is highest (up to 73%) in
summer, whereas it is approximately 40 % in other seasons
(Fig. 12b). Therefore, strong diffusion capability cannot ex-
plain the occurrence of heavy pollution in summer.

Atmos. Chem. Phys., 16, 2459-2475, 2016

To obtain a clear understanding of the relationship be-
tween the atmospheric MLH and air pollution, we analysed
the correlation between daily averages of the MLH and vis-
ibility according to the RH and found that the relationship
between them showed significant differences under different
RH. When the RH was lower than 80 %, the correlation be-
tween the MLH and visibility was poor, but when the RH
exceeded 80 %, the correlation coefficient of these two mea-
surements significantly increased to as much as 0.72 (Table 3
and Fig. 13). If we assume that no transport from other re-
gions occurs, local contributions (local emissions and sec-
ondary formation) will dominate the particle concentration;
if we further suppose that the local emission is constant ev-
ery day, due to the dominant role of the aqueous, heteroge-
neous, and hydroscopic processes for the formation of par-
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Table 3. Correlation coefficients (R) between the MLH and visibility according to RH (%).
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Figure 13. Correlation between the MLH and visibility according
to RH in Beijing.

ticles in Beijing (Guo et al., 2014; Sun et al., 2013), there
will be little difference in the formation of particles under
a fixed RH, and the column concentration in the MLH will
be almost constant. Under such circumstances, the relation-
ship between the MLH and visibility should be strong. Thus,
poor correlation between the MLH and visibility indicates
a significant influence from regional transportation, and their
good correlation indicates the dominant role of local con-
tributions. Tang et al. (2015) found that in light pollution,
regional transport contributes heavily, whereas in heavy pol-
lution, local contributions dominate. Because low and high
RH correspond to light and heavy pollution, respectively, the
two conclusions are strongly consistent.

To clarify the contributions of local emissions and sec-
ondary formation during high RH conditions, we analysed
the chemical compositions in PM1 under different degrees
of air pollution (Fig. 14). As the air pollution aggravated,
the mass percentage of SO;", NO, and NH;~ with strong
hygroscopicity increases from 31.8 to 61.9 % from clear to
heavy hazy days, whereas the mass percentage of OM with
weak hygroscopicity decreases from 58.0 to 33.7 % during
the transition of air pollution. Thus, the aerosols exhibit
higher sulphate, nitrate, and ammonium ratios on hazy days,
which indicates the dominant role of the secondary forma-
tion.

From the aforementioned analyses, the reasons for the
relationships observed under conditions of low and high
RH can be clearly understood. Under low RH condition,
since the significant impact of the regional transportation,
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Figure 14. Mass percentage of OM, NO, sofﬁ, NH; and CI~ in
PM1 under different degrees of air pollution in Beijing.

the processes of local emissions, regional transportation, and
physicochemical formation jointly dominate the concentra-
tion of atmospheric particles; thus, the poor correlation be-
tween the MLH and visibility occurs due to the multi-source
of particles. For high RH, the RH plays an important role in
transforming the trace gases to aerosols. Thus, an increase in
the RH is favourable for the formation of particles from the
liquid-phase, heterogeneous reactions and the hygroscopic
growth processes, and the primary source of particles will
change to local humidity-related physicochemical processes
during heavy pollution periods. The strong correlation of
these factors under high RH indicates the dominant role of
local secondary processes in heavy pollution.

Overall, the high correlation between the MLH and visi-
bility under high RH indicates that humidity-related physic-
ochemical processes is the primary source of atmospheric
particles in heavy pollution and that the dissipation of atmo-
spheric particles mainly depends on the vertical diffusion ca-
pability, which is dominated by the atmospheric MLH. From
the aforementioned conclusion, the MLH and RH are ex-
tracted as the key meteorological factors for the evolution
of heavy air pollution, a finding that is relevant to the dissi-
pation and formation of the atmospheric particles.

After determining the critical meteorological factors for
air pollution, the cause of the poor visibility in summer can
be analysed according to the aforementioned conclusions.
As shown in Fig. 7a, summer exhibits higher RH and lower
WS. The meteorological conditions in summer shows that

Atmos. Chem. Phys., 16, 2459-2475, 2016
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low WS is a prerequisite for hazy days and that high RH
is conducive to the formation of particles. In addition, due
to the intrusion of the west Pacific subtropical high, sum-
mer is occupied by more than 70 % by the highest frequency
of cloud fraction >50% (Fig. 12b). When this cloud frac-
tion increases, radiation levels will dramatically decline, and
the MLH will decrease significantly as well. Such conditions
cause a rapid weakening of the atmospheric diffusion capa-
bility along with a more rapid formation of particles under
high RH; heavy pollution will occur frequently, thus lead-
ing to the enhanced concentration of particles and decreased
visibility (Fig. 12a).

4 Conclusions

Continuous high-resolution observations of MLH are re-
quired to understand the characteristics of the atmospheric
mixing layer in the Beijing and North China Plain areas. To
acquire the high-resolution observations of MLH, a study us-
ing a ceilometer was performed from July 2009 to Decem-
ber 2012 in the Beijing urban area.

Based on a comparison with radiosondes, we determined
that the ceilometer underestimates the MLH during near-
neutral stratification caused by strong winds and that it over-
estimates the MLH during dust crossing. By combining me-
teorological, PM> 5, and PM1q data, we screened the observa-
tion results for the MLH; the availability of the acquired data
is close to 80 %. The screened ceilometer observations are
fairly consistent with the meteorological radiosondes, with
a correlation coefficient greater than 0.9. This method re-
places the time-consuming method of filtering the data man-
ually and is of great practical value for future measurements
of the MLH with ceilometers.

The characteristics of the MLH indicate that the MLH in
Beijing is low in autumn and winter, and high in spring and
summer. There is a significant correlation between the Oy
and MLH, which characterizes the dominant role of the ra-
diation in the variation of the MLH. In addition, the diur-
nal cycle in the MLH during summer is also affected by
the circulation of mountainous plain winds. The mountain-
ous wind in summer causes a gradual decline in the mixing
layer at night, which suppresses its development before noon,
and the plain wind after noon contributes to the increase in
the MLH. Therefore, compared with spring, the mountainous
plain winds in summer lead to a concave-down of the mixing
layer in the fast development stage.

By applying visibility as an index for the classification of
degree of air pollution, it is found that in comparison with
clear days, changes in the Qn and buoyancy term in TKE
are insignificant on slight hazy days, but a reduction in the
shear term is obvious; in comparison with slight hazy days,
the variation of the shear term in TKE is insignificant, but the
declines in QO and the buoyancy term in TKE are significant.
At the slight pollution stage, the air pollution has nothing to
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do with the MLH but depends on the horizontal diffusion
capability as affected by the horizontal wind speed. At the
heavy pollution stage, the air pollution is determined by the
vertical diffusion capability as affected by the MLH.

Although the correlation between the daily MLH and vis-
ibility is very poor, the correlation between them is signif-
icantly enhanced when the RH increases. The high correla-
tion between the MLH and visibility under high RH indicates
that humidity-related physicochemical processes is the pri-
mary source of atmospheric particles under heavy pollution,
whereas the dissipation of atmospheric particles depends pri-
marily on the vertical diffusion capability, which is domi-
nated by the atmospheric MLH.

The aforementioned results provide reliable basic data for
better portraying the structure of the boundary layer and im-
proving the parameterizations of the boundary layer in mete-
orological models. Studies of the atmospheric mixing layer
and its thermal dynamic parameters at different stages of air
pollution reveal the critical meteorological factors for the for-
mation, evolution, and dissipation of heavy pollution, thus
providing useful empirical information for improving atmo-
spheric chemistry models and the forecasting and warning of
air pollution.

The Supplement related to this article is available online
at doi:10.5194/acp-16-2459-2016-supplement.
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