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Abstract

The mixing layer is an important meteorological factor that affects atmospheric pollution.
A studyof atmospheric pollution in the Beijing area was performed

::
air

:::::::::
pollution.

:::
In

:::
this

::::::
study,

:::
the

::::::::::::
atmospheric

:::::::
mixing

:::::
layer

::::::
height

::::::
(MLH)

:::::
was

:::::::::
observed

::
in

:::::::
Beijing

:
from July 2009 to De-

cember 2012 , using a ceilometer, to observe and study the atmospheric mixing layer height
(MLH). Based on a comparison and validation of multiple types of

:
.
:::
By

::::::::::::
comparison

::::
with

::::::::::
radiosonde

:
data, we evaluated the quality of the MLH data as observed by the ceilometer

and found that the ceilometer underestimates MLH during
:::
the

:::::
MLH

::::::
under

::::::::::
conditions

:::
of

neutral stratification caused by strong winds, whereas it overestimates MLH during dust
crossing. By combining conventional meteorologicaldata and

:::
the

:::::
MLH

::::::
when

::::::::::
sand-dust

::
is

::::::::
crossing.

:::::::
Using

:::::::::::::::
meteorological,

:
PM2.5:,:and PM10 observational data, we screened the

observational results for the MLH , and
::::::::
observed

::::::
MLH

:::::::::::::
automatically;

:
the ceilometer ob-

servations were fairly consistent with the meteorological radiosonde profile results. The
correlation coefficient is more

::::::::::::
radiosondes,

::::
with

::
a
:::::::::::
correlation

::::::::::
coefficient

:::::::
greater

:
than 0.9,

and the effective rate of acquired data is near 80. Further analysis of the variation in the
MLH indicates

:::::::::
indicated that the MLH in the Beijing area exhibits the feature of being

:
is

low in autumn and winter and being high in spring and summer
:
in

:::::::
Beijing. There is a sig-

nificant correlation between the variation in the MLH and the sensible heat flux , whereas
the diurnal variation in the mixing layer during summer is

:::
and

::::::
MLH,

::::
and

::::
the

:::::::
diurnal

:::::
cycle

::
of

:::
the

::::::
MLH

::
in

::::::::
summer

::
is
:::::

also
:
affected by the circulation of mountainous plain winds. By

applying visibility as the index for the classification of atmospheric pollutiondegree, it is
found that in comparison with a clear day, the variation of

::::::
Using

::::::::
visibility

:::
as

:::
an

::::::
index

::
to

:::::::
classify

:::
the

:::::::
degree

::
of

:::
air

:::::::::
pollution,

:::
we

::::::
found

::::
that

:::
the

::::::::
variation

:::
in

:::
the sensible heat and buoy-

ancy term in turbulent kinetic energy (TKE) of a slight haze day is insignificant
::
is

:::::::::::
insignificant

:::::
when

::::::::
visibility

::::::::::
decreases

:::::
from

:::
10

:::
to

:
5 km, but the reduction of shear term in TKE is near

70 %when visibility decreased from 10 to .
:::::::

When
::::::::
visibility

::::::::::
decreases

:::::
from

:
5

::
to

::
1 km; in

comparison with the slight haze day, the variation of
:::
the

:
shear term in TKE of medium and

heavy haze days is insignificant, but the declination of
:::::::::
decrease

::
in

::::
the

:
sensible heat and
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buoyancy term in TKE are about
:
is

::::::::::::::
approximately 60 %when visibility decreased from 5 to 1.

Although the correlation between the daily variation of
:::
the MLH and visibility is very poor, the

correlation between them is significantly enhanced as
:::::
when the relative humidity increases

beyond 80 %. This characterizes the generation of
::::::::
indicates

::::
that

:
humidity-related physio-

chemical processes as the main
:
is

::::
the

:::::::
primary

:
source of atmospheric particles under heavy

pollution , whereas
:::
and

::::
that

:
the dissipation of atmospheric particles mainly depends on the

MLH. The presented results on
::
of

:
the atmospheric mixing layer and its thermal dynamic

structure under different degrees of pollution provide a scientific basis for improving the

:::::::
provide

::::::
useful

:::::::::
empirical

:::::::::::
information

:::
for

::::::::::
improving

:
meteorological and atmospheric chem-

istry models and the forecasting and warning of atmospheric
::
air

:
pollution.

1 Introduction

The mixing layer is formed because of discontinuous turbulence
:::::
when

::::::::::::::
discontinuous

::::::::::
turbulence

::::::
exists

::::
due

:::
to

::::::::::::::
discontinuities

:::
in

::::::::::::
temperature

::::::::::::
stratification

:
between the upper

and lower layers resulting from discontinuity in temperature stratification. The height to
which the

::
of

:::
the

:::::::::::::
atmosphere.

::::
The

:
atmospheric mixing layer extends is the mixing layer

height (MLH) . The atmospheric MLH is an important meteorological factor that affects
atmospheric pollution because it affects the vertical diffusion capability of atmospheric pollu-
tants and water vapour gradients

::::::::::::::
concentrations; therefore, it affects the generation

:::::::
impacts

:::
the

:::::::::
formation

:
and dissipation of

::
air pollutants (Stull, 1988). Continuous observations of the

MLH are helpful for improving parameterization schemes of the model boundary layer and
beneficial for

:::
the

:::::::::::::::::
parameterisations

::
of

:::::::::
boundary

:::::
layer

::::::::
models,

::::
and

::::
they

::::
play

::
a

:::::::::
important

::::
role

::
of

:
improving the simulation accuracy of meteorological models and optimizing

:::::::::
optimising

the simulation results for pollutants.
Three primary observation methods are used to determine the MLH: meteorologi-

cal sounding profiles
:::::::::::
radiosondes, aeroplane surveys, and ground-based remote sens-

ing. As the most conventional observation approach, meteorological radiosonde profiles
have

:::::
utilise

:
a large number of observation stations distributed globally , and observational

3
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dataquality is high
:::
and

::::::::
provide

:::::::::::
high-quality

:::::
data. However, because the observational cost

is relatively high
::
of

:::
the

:::::
high

:::::
cost

::
of

::::
the

:::::::::::
observation, only two observations at 00:00 and

12:00 UTC are available from most stations (Seibert et al., 2000). As
::::::
When solar radia-

tion increases in the morning, the growth rate for
:
of

:
the MLH reaches hundreds of me-

tres to 1000per hour at the stage of fast convection development, and even the hourly
observations of the sounding profile could not seize important observational information
of

:::
per

:::::
hour

::::
and

::::::::::
convection

:::::::::
develops

::::::::
quickly;

:::::
even

::
if
:::::::
hourly

::::::::::::
observations

::::::
were

:::::::::
available,

::::
they

:::::
could

::::
not

:::::::
provide

:::::::::
sufficient

:::::::::
temporal

:::::::::
resolution

:::
of

:::
the

:::::::::
evolution

::
of

:
MLH (Seibert et al.,

2000). Although aeroplane surveys can
::
be

::::::
used

::
to

:
obtain high-resolution variations of

meteorological and pollutants
::::::::::::::
meteorological

::::
and

:::::::::
pollutant

:
profiles, the constraints of air

traffic control, weather conditions, and observation cost reduce
::::
limit

:
these data to a limited

time period
:::::
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 for measuring the MLH

::
to

:::::
MLH

:::::::::::::
measurement.

There are three methods of performing ground-based remote sensing: acoustic
::::::::
Acoustic

radar (sodar– sound detection and ranging), laser radar (lidar– light intensity detection and
ranging) and electromagnetic radar (Doppler radar)

:::
are

:::
the

:::::
three

:::::::::
methods

:::::
used

::
to

::::::::
perform

:::::::::::::
ground-based

:::::::
remote

:::::::
sensing. Sodar can obtain the vertical profile

:::::::
profiles of wind and tem-

peraturedata; thus, it
:
,
::::
and

:::::
these

:
can be used to further calculate the MLH.

:::::::
Doppler

:::::
wind

:::::
radar

::::
can

::::::
obtain

::::::::::
variations

::
of

::::
the

::::
wind

::::::::
vectors

::
at

::::::::
different

:::::::::
altitudes

::::
and

:::::::
identify

:::
the

:::::::
mixing

::::
layer

::::::::
through

:::::
wind

::::::
shear. Lidar can obtain the vertical profile of variations in the aerosol con-

centration 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.

::
at

::::::
which

:::::::
sudden

::::::::
changes

::
in

::::
the

::::::
profile

::::::
occur.

Beyrich (1997), Seibert et al. (2000), and Emeis et al. (2008) conducted three reviews
of the three methodsand compared

:::::::
reviews

::
of

::::::
these

::::::
three

:::::::::
methods,

::::::::::
comparing

:
their ad-

vantages and disadvantages. The sodar detection height is usually lower
::::
less than 1000 m,

which is not conducive for observing the MLH under convection states. Lidar observations

4
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are usually performed in the visible light band, and it could cause visual hazards when not
used properly; moreover, before

:::
The

::::::
lowest

:::::::::
detection

::::::
height

:::
of

::::
wind

::::::
radar

::
is

::::::::
normally

::::::
above

:::
200 m,

::::
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 application

of modern laser ceilometersfor 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. ,

:::::
lidar

::::
was

::::::
costly

:::::
and

:::
not

:::::::
widely

:::::
used.

:
In recent years, lidar observational

:::::::::::
observation technology has developed rapidly, and

an increasing number of applications have used lidar for MLH observations (White et al.,
1999; Steyn, et al., 1999; Hägeli 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; Hennemuth 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

::::::::::
Meanwhile,

eye-safe ceilometers CL31 and CL51 have been developed by Vaisala to observe the MLH
using

:::
that

:::::::
permit

:::::::::::
observation

::
of

::::
the

:::::
MLH

::::
with

:
a near-infrared band laser . Because of the

::::
have

::::::
been

::::::::::
developed.

:::::
Due

::
to

:::::
their

:
simple operation and low cost, such

:::::
these instruments

have become the optimal solution for observing the MLH
:::::::
method

:::
for

:::::
MLH

:::::::::::
observation, and

they have been applied to an increasing number of observations
::::::
widely

:::::
used

:
in recent years

(Münkel and Räsänen, 2004; Emeis et al., 2004; Emeis and Schäfer, 2006; Eresmaa et al.,
2006; Münkel et al., 2007; McKendry et al., 2009; Kamp and McKendry, 2010; Muňoz and
Undurraga, 2010; Flentje et al., 2010; Chen et al., 2011; Haeffelin et al., 2012; Emeis 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. Because of the rapid economic development , energy usagehas increased, which
has caused

::::
With

::::
the

:::::
rapid

:::::::::::::
development

:::
of

::::
the

:::::::::
economy

::::
and

::::
the

::::::::::::
concomitant

:::::::::
increase

::
in

:::::::
energy

:::::::
usage,

:
serious air pollution and frequent heavy haze days

::::::
heavy

:::::
haze

:::::::
occurs

:::::::::
frequently

:
(Tang et al., 2009, 2012

:
,
:::::
2015; Xin et al., 2010

:
;
::::::
Wang

::
et

:::
al.,

:::::::
2014b;

::::::
Zhang

:::
et

:::
al.,

:::::
2014;

:::::
Yang

:::
et

:::
al.,

::::::
2015). Previous studies

::
of

::::::
Beijing

:
have indicated that visibility declines

5



D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

dramatically during heavy pollution periods in Beijing when the concentration of particles
increases. In addition, ;

:
the weather conditions generally include high humidity

:::::::
typically

:::::::
include

::::
high

::::::::
relative

::::::::
humidity

::::::
(RH),

::::::
stable

::::::::::::
atmospheric

:::::::::::::
stratification, and low wind speed

with a southerly flow , and the atmospheric stratification is stable
::::
(WS)

:::::
with

:::::::::
southerly

::::
flow

::::::
during

:::
the

::::::::
polluted

:::::::
period (Ding et al., 2005; Liu et al., 2014; Zhang et al., 2015). Previous

::::::::
Although

:::::::
many

:
studies have provided additional descriptions of weather conditions

corresponding to
::::::::
detailed

::::::::::::
descriptions

::
of

::::::
other

::::::::
weather

::::::::::
conditions

::::::
during

:
heavy pollution

periods; however, atmospheric MLH variations are the key meteorological factors related to ,

:::::::::
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,

and they are not well understood. As for .
::::
For most areas in north

::::::::
northern

:
China, the mete-

orological sounding data
:::::::::::
radiosondes can only acquire observational data for the MLH in the

morning (00:00 UTC) and at night (12:00 UTC), and
::
so

:
observations of the convective mix-

ing layer variations at noon are lacking. In certain studies, simulations with numerical mod-
els, short-time ground-based remote sensing, or meteorological profiles are used to provide
a preliminary 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 ,

:::
but

:::::::::::
continuous

::::::::::::::
high-resolution

::::::::::::
observations

::::
over

::
a
:::::
long

::::
time

:::::::
period

:::::
have

:::
not

::::::
been

::::::::::
conducted

:::
for

::::
this

:::::::
region.

::::::::
Without the

continuous high-resolution variation characteristics of the MLHthrough these studies, the
influence of atmospheric

::::::::::::::
characteristics

::
of

:::::
MLH,

:::
its

:::::::
impact

:::
on

:::
air pollution cannot be stud-

ied thoroughly (Schäfer et al., 2006).
To compensate for information gaps

:::
the

::::::::::::
deficiencies

:
in the aforementioned studies,

a ceilometer was used to conduct continuous high-resolution observations for 3 years and
5

:
6 months (from July of 2009 to December of 2012) in Beijing. By comparing the obtained

data with multiple meteorology
::::::::::::::
meteorological and pollutant data sets, we verified the ap-

plicability of the ceilometer and obtained the variation characteristics
::::::::
temporal

::::::::::
variations

of the MLH over 3 years. By combining the meteorological data, we were able to deter-
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mine how variations in
:::
the

::::::::::
variations

:::
of

:
the mixing layer and the atmospheric diffusion

capability occurred in different seasons. Finally, visibility was used to determine
:::
we

:::::
used

:::::::
visibility

:::
as

:::
an

::::::
index

::
to

::::::::
classify

:
the degree of atmospheric

::
air

:
pollution, and

::::::::
analysed

:
the

thermal/dynamic structure
::::::::::
parameters

:
inside the mixing layer was analysed under different

degrees of pollutionby delineating ;
:::::
then,

::::
we

::::::::::
delineated

:
the influence of MLH variations on

atmospheric pollution and revealing
::
on

:::
air

:::::::::
pollution

::::
and

::::::::
revealed

:
the critical meteorological

conditions underlying
::::::
factors

::::
that

::::::
affect the formation and dissipation of heavy atmospheric

pollution in the Beijingarea
:::
air

::::::::
pollution

::
in

:::::::
Beijing.

2 Methods

2.1 Sites and instruments

To understand the structural variations
::::::::::::::
characteristics of the mixing layer in the Beijing area,

we conducted observations for 3 years and 5
:
6 months (from 15 July 2009 to 31

::
16 Decem-

ber 2012) in Beijing. The observation sites, observation parameters, and observation time
period

::::
time

::::::::
periods are shown in Fig.

::::::
Figure 1 and Table 1.

2.1.1
::::
BJT

::::
site

The site used to measure the MLH was built in the tower
:::::::::
courtyard

:
of the Institute of At-

mospheric Physics, Chinese Academy of Sciences, to the west of the Jiande bridge in the
Haidian district, Beijing

:::
(ID:

:::::
BJT). This site is located between the north third ring road and

:::
and

::::
the

:
north fourth ring road, and the Beijing–Tibet motorway is on the eastern side. The

geographic location of the station is 39.97
::::::
39.974◦N, 116.37

:::::::
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

:::::::
(CL31,

::::::::
Vaisala,

:::::::
Finland). This instrument utilizes

::::::
utilises

:
pulsed diode laser lidar

technology (910 nm waveband) to measure the attenuated backscatter coefficient profile of
atmospheric aerosols and then determine the MLH. In practical measurementsusing the

7
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CL31
:::
For

::::::::
practical

:::::::::::::::
measurements, the time resolution was set to 16 s, 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 data during the same period were from temperature,
humidity, wind speed

::::::::
included

::::::::::::
temperature,

:::::
RH,

::::
WS, 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

:::::
along

::::
the

::::::
tower

::
in

::
a

:::::::
vertical

:::::::::
direction, and the temporal resolution was 5 min. A

:::
The

:
de-

tailed description is provided by Song et al. (2013). The thermodynamic parameter data
in the atmospheric mixing layer

:::::::::::
parameters

:
(sensible heat, latent heat, radiation, friction

velocity, etc.)
:::
and

::::
the

::::
total

:::::::::::
(285-2800 nm)

:::::
and

:::
net

:::::::::
(0.2-100 µm

:
)
::::::::
radiation

:
during the same

period were from ultrasonic anemometers at 47, 140 and 280
:::::::::
observed

::::::
using

::
a

:::::::::
ultrasonic

:::::::::::::
anemometers

::::::::
(CSAT3,

::::::::::
Campbell

:::::::::
Scientific,

:::::::
USA),

::
a

::::::::::::
pyranometer

::::::::
(CM11,

:::::
Kipp &

::::::
Zonen,

::::::::::::
Netherlands)

::::
and

::
a

:::
net

:::::::::::
radiometer

::::
(NR

::::::
Lite2,

::::
Kipp

:
&

::::::
Zonen,

:::::::::::::
Netherlands),

::::::::::::
respectively.

:::
All

::
of

:::::
these

:::::
data

:::::
were

:::::::::
obtained

:
on the meteorological tower , and the time resolution was 5

::
at

:
a
::::::
height

:::
of

::::
280 m

:::
and

::::::::::
processed

:::::
with

::
a

:::::::::
resolution

:::
of

:::
30 min. A

:::
The

:
detailed description is

provided by
:::
Hu

::
et

:::
al.

:::::::
(2012)

::::
and Song and Wang (2012). The observation data of

::::::::
sensible

::::
heat

::::::
(QH),

:::::
latent

:::::
heat

:::::
(QE),

:::::::
friction

:::::::
velocity

:::::
(u∗),::::

and
::::::::::
turbulence

:::::::
kinetic

:::::::
energy

::::::
(TKE)

:::::
were

:::::::::
calculated

:::
as

:::::::
follows

::::::
(Stull,

::::::
1988;

:::::::
Garratt,

:::::::
1992):

QH = ρcp
::::::::

w′θv
′ (1)

QE = Lv:::::::
w′q′ (2)

u∗ =
::::

(
u′w′2+

::
v′w′2

)
1/4
:: (3)

TKE

m
=

1

2::::::::::

(
u′2+

:
v′2+

:
w′2

)
=: e (4)
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::::::
where

::
ρ

::
is

::::
the

:::
air

::::::::
density

:
(kg m−3

:
),
:::

cp:::
is

::::
the

:::::::
specific

:::::
heat

:::::::::
capacity

:::
for

::::
air

::
at

:::::::::
constant

::::::::
pressure

::
(J kg−1 K−1

:
),

:::
θv ::

is
::::
the

::::::
virtual

:::::::::
potential

::::::::::::
temperature

:
(K

:
),

:::
Lv::

is
::::
the

::::::
latent

:::::
heat

::
of

:::::::::::
vaporisation

:::
of

:::::
water

::
(J kg−1

::
),

:
q
:::
is

:::
the

::::::
water

::::::
vapor

:::::::
density

:
(kg m−3

:
),

::
m

:::
is

:::
the

::::::
mass

:
(kg

:
),
::
e

::
is

:::
the

:::::
TKE

:::
per

:::::
unit

:::::
mass

::
(m2 s−1

:
),

::::
and

:::
u,

::
v,

::::
and

::
w

::::
are

:::
the

::::::::::::
streamwise,

:::::::::::::
cross-stream

::::
and

:::::::
vertical

::::
wind

::::::::::
velocities

:
(m s−1

:
),
::::::::::::
respectively.

:

::
To

::::::::
identify

:::
the

::::::::::
sand-dust

:::::::::
crossing,

:::
the

:::::
ratio

::
of

:
PM2.5 and PM10 :::

was
::::::
used

::
as

:::
an

::::::
index.

::
If

:::::
there

::::
was

:::
no

:::::::::
sand-dust

:::::::::
crossing,

::::
the

::::
ratio

:::
of PM2.5 ::

to PM10 :::::
might

:::::::
almost

:::::::
exceed

:::
50 %

:::
(Liu

::
et

:::
al.,

::::::
2014).

::
A
::::::::
sudden

:::::::::
decrease

::
in

:::
the

::::
ratio

:::
to

::
30 %

::
or

:::::
lower

::::
and

:
PM10:::::::::::::

concentration
::::::
higher

::::
than

::::
500 µg m−3

::::::
usually

::::::::
indicate

::
a

::::::::::
sand-dust

:::::::::
crossing.

::::
The

:::::::
ground

::::::::::::
observations

:::
of PM2.5

:::
and

:
PM10 during the same period were from Thermo Electric Inc.

:::::
made

:::
by

::::
the

::::::::
ambient

::::::::::
particulate

::::::::
monitor

:
(RP1400a), and the time resolution was ,

:::::::::
Thermo

::::::
Fisher

::::::::::
Scientific,

::::::
USA).

::::
The

::::
data

:::::
were

:::::::::
acquired

::
at

::
a

::::
time

::::::::::
resolution

::
of

:
5 min

:::
and

:::::::::::
processed

::::
with

::
a

:::::::::
resolution

::
of

:::
60 min. A detailed description is provided by Liu et al. (2014).
The meteorological sounding profile data

2.1.2
:::::
ZBAA

:::::
site

::::
The

::::::::::::::
meteorological

::::::::::::
radiosondes were measured by the international standard weather sta-

tion (ID: ZBAA) , which
:::
that

:
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 Atmospheric Physics.
The geographic position of station ZBAA is 39.48

::::::
39.484◦N and 116.28

:::::::
116.282◦ E, and the

elevation (a.s.l.) is approximately 34 m. The meteorological sounding profile data

::::
The

::::::::::::::
meteorological

::::::::::::
radiosondes observed at station ZBAA included two categories: con-

ventional 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 14:00 LT

in the afternoon every Thursday. The observed meteorological parameters included at-
mospheric pressure, temperature, wind speed,

::::
RH,

::::
WS,

::
wind direction, and humidity.

According to the classification method
::::::
ozone.

:::
In

::::
this

:::::::
study,

::::
the

:::::::::
methods

:
of Eresmaa

et al. (2006) , we defined all of the meteorological sounding profiles as a convection
:::
and

::
Mü

::::
nkel

::
et

:::
al.

::::::
(2007)

::::::
were

:::::
used

::
to

::::::
divide

::::
the

:::::::::::
radiosondes

::::
into

:::::::
stable

::::
and

::::::::::
convective

::::::
states

9
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:::::::::
according

:::
to

:::
the

:::::::::::::
atmospheric

::::::::::::
stratification

:::::::
status.

::::
The

:::::::::::::::
meteorological

::::::::::::
radiosondes

:::::
were

:::::::
defined

:::
as

::::::::::::
encountering

::
a

::::::::::
convective

:
state when they exhibited negative lapse rates for the

virtual potential temperature
::
θv:within 200 m and bulk Richardson number

::::::::
numbers

:::::
(RB)

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

::
In

:::
this

::::::::
project,

:::
the

::::
RB ::::

was
:::::::::::
determined

:::
by

:::
the

::::::::
formula

::
of

:::::
Stull

:::::::
(1988),

::
as

::::::::
follows:

RB =
g∆θv∆z

θv

(
(∆u)2 + (∆v)2

)
::::::::::::::::::::::::

(5)

::::::
where

:
g
::
is
::::
the

::::::::::::
acceleration

::
of

:::::::
gravity

:
(m s−2

:
),
::::
and

::
z
::
is

::::
the

::::::
height

:
(m

:
).

:

:::
PM

:::::::::::::
concentration

:::::::
proved

:::
to

:::
be

:
a
::::::
good

::::::::
indicator

:::
for

:::::::::::::::
characterization

:::
of the degree of the

air pollutionin Beijing, visibility
::
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

::::::::::::
occasionally

::::::::
missing,

::::::::
visibility

::::
was

:::::
used

:::
as

:::
an

::::::
index

:::
to

::::::::
classify

:::
the

::::::::
degree

:::
of

:::
air

:::::::::
pollution.

::::::::
Visibility

:
at station ZBAA,

:::::
which

:
was obtained from the web page of Wyoming EngineeringUniversity ()

:::::::::::
Department

::
of

::::::::::::
Atmospheric

::::::::
Science,

::::::::
College

::
of

::::::::::::
Engineering,

::::::::::
University

::
of

:::::::::
Wyoming

::
(http://weather.uwyo.

edu/surface/meteorogram/
::
),

::::
was

::::::::::
measured

::
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 is relatively long and could
:::
can

:
be several days or even

weeks, the distribution of particle concentrations inside the atmospheric mixing layer is even
more uniform compared with

::
in

::::
the

:::::
MLH

::
is

:::::
more

::::::::
uniform

:::::
than that of gaseous pollutants.

However, the particle concentration in the mixing layer and free atmosphere is
:::
that

::
in
::::

the
10
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::::
free

:::::::::::
atmosphere

::::
are

:
significantly different. By analysing

::
In

:
the attenuated backscatter co-

efficient profileof atmospheric particles, the position at which a sudden change occurs in
the attenuated backscatter coefficient is

::::::
profile

:::::::::
indicates 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 (−dβ/dx) in the attenuated backscatter co-
efficient profile diagram for the aerosol as the top of the mixing layer (Steyn, et al., 1999).
To eliminate the

:::::::::
influence

::
of

:
inherent noise and aerosol layer structure influence

:::::
layers

:
on

the data, spatial and temporal averaging must be applied
::::::
carried

::::
out before the gradient

method can be used to calculated the MLH from the profile data
::
is

:::::
used

::
to

:::::::::
calculate

::::
the

::::
MLH

:
(Münkel 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

::::::::
beyond.

::::::::::
Additional

::::::::
features

::
of

::::
this

::::::::::
algorithm,

::::::
which

::
is

:::::
used

:::
in

::::
the

:::::::
Vaisala

:::::::::
software

:::::::
product

::::::::::
BL-VIEW,

::::
are

::::::
cloud

::::
and

:::::::::::
precipitation

::::::::
filtering

::::
and

::::::
outlier

::::::::
removal.

:

2.2.2 MLH retrieval by radiosonde

A number of methods have been developed to analyse
::
for

::::::::
analysis

:::
of

:
the mixing layer

through the meteorological sounding profile
::::::::::
radiosonde (Beyrich, 1997; Sibert et al., 2000;

Wang and Wang, 2014
::::::
2014a). In this study, we calculated the MLH for the convective state

and stable state
:::
and

::::::
stable

::::::
states, respectively. For the convective state, we used the Holz-

worth method (Holzworth, 1964, 1967), which is
:::
the

::::::::
method most widely applied to obtain

the MLH by analysing variations in the virtual potential temperature
:::::::
profiles

::
in

::::
the

:::
θv. In

a stable state, a low-level jet often occurs in the Beijingarea
::::::
Beijing, 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

::::
exist

:
under stable weather conditions, the altitude where the Richardson

number
::
at

::::::
which

::::
the

:::
RB:

is greater than 1 is the MLH (Vogelezang and Holtslag, 1996;
Eresmaa et al., 2006).

11
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3 Results and discussions

3.1 Verification of the MLH

Previous observation studies using ceilometers could
:::::::
studies

::::
with

::::::::::::
ceilometers

:::
did

:
not re-

solve issues with applying
:::::::::::
concerning

:::
the

:::::::::::
applicability

:::
of ceilometers in Chinese areas with

high aerosol concentrations. In this study, the methods of Eresmaa et al. (2006) and
Mnkel et al. (2007) were used to divide the samples into stable and convective states
according to the atmospheric stratification status

:::::::::
According

:::
to

::::
the

:::::::::
methods

::::::::::
described

::
in

:::::
Sect.

:::::
2.1.2,

::::
260

::::
and

::::
540

:::::::::
effective

::::::::::::
observations

:::::
were

:::::::::
obtained

::
for

::::
the

::::::::::
convective

::::
and

::::::
stable

::::::
states,

::::::::::::
respectively. The MLH data acquired by meteorological sounding profiles and the

:::::::::::
radiosondes

:::::
and

:::
by

:
ceilometer were compared

::
for

::::
the

::::
two

::::::
types

:::
of

::::::::
weather

::::::::::
conditions

(Fig. 2), and the results were evaluated. The comparative analysis .
:::::::

Using
::::
the

:::::
MLH

:::::::::
calculated

:::
by

::::
the

::::::::::::
radiosondes

:::
as

::
a
::::::::::
reference,

::::
the

:::::::::::
comparison

:
showed that the MLH ob-

served by
::::
from the ceilometer was overestimated and

::
or underestimated in a portion of the

samples.
Because the ceilometer determines the MLH by measuring the attenuated backscatter

profileof atmospheric particles, if the concentration of atmospheric particles is relatively
low, then the height measurement errors of the mixing layer will increase correspondingly
(
:
it

::::
will

:::
be

:::::::
difficult

:::
to

::::::::::
determine

::::
the

:::::
MLH

:::::::
based

:::
on

::
a

::::::::
sudden

:::::::
change

:::
in

::::
the

:::::::::::
backscatter

::::::
profile,

::::
and

:::::
use

::
of

::::
this

::::::::
method

:::
will

:::::
lead

:::
to

::
a

::::::
higher

:::::::::
absolute

:::::
error

:::::
(AE)

::
of

::::
the

::::::::::
measured

::::
MLH

::
(Eresmaa et al., 2006; Muňoz and Undurraga, 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,

:::::
When

::::::
taking

:::
the

::::::::
visibility

::::
into

::::::::
account,

::::
we

::::::
found

::::
that

:::
the

:::::::::::::::::
underestimations

::
of

::::
the

:::::::::
observed

:::::
MLH

::::::
always

:::::::::
occurred

::::::
when

::::::::
visibility

::::
was

::::::
good.

:::::::::
However,

::::::
there

:::::
were

::::
still a number of samples

had relatively low errors
::::
that

::::
had

::::
low

:::
AE

::::::
under

::::::::::
conditions

:::
of

:::::
good

::::::::
visibility

:
(Fig. 2). Con-

sequently, low pollution and
::::
clear

:::::
days

:::::
with good visibility are not sufficient conditions to

12
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predict underestimations in the observation results
:::
the

:::::
main

:::::::
reason

:::
for

::::::::::::::::
underestimation

::
of

:::
the

:::::::::
observed

:::::
MLH.

To investigate why
:::
the

:
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

:::::
those

:::::::::
samples

::::
with

:::::
good

::::::::
visibility

::::
and

::::::
small

::::
AE.

::::
The

:::::::
results

:::::::
showed

::::
that

:::::::::
although

::::
the

::::::::
visibility

::::
was

::::::
good,

::::
the

:::
AE

:
of the MLH decreased, even if

::::
was

:::
still

::::::
small

::::::
when

:
the aerosol concentration was relatively low. By further analysing the

relationship between the ceilometer and meteorological sounding profile results with the
relative humidity and wind vectors

:::::::
showed

::::::
large

:::::::::::
differences

::
in

::::
the

:::::::
vertical

:::::::::
direction.

:::::
After

::::::
taking

:::
the

::::
RH

::::
and

:::::
wind

::::::::
vectors

::::
into

::::::::
account, we found that ceilometer underestimations

corresponded with low relative humidity and large wind speed, with winds mostly from the
north

::::::::::::::::
underestimations

:::::
were

:::::::
always

:::::::::::::
accompanied

:::
by

::::
low

::::
RH

::::
and

:::::::
strong

:::::::::
northerly

:::::
wind

(Figs. 3 and 4). The local meteorological conditions in Beijing indicated that this type
::::
kind

of meteorological condition is usually caused by a
:::
the

:
bypass of a cold air mass. When

:
a
:
strong northerly winds are dominant over Beijing,

::::
with

::
a dry and clear air masses prevail,

and the large wind speed causes the atmospheric aerosols to rapidly spread
:::::::
prevails

::
in

:::::::
Beijing,

::::::::::::
atmospheric

::::::::
aerosols

:::::::
spread

:::::::
rapidly

:
to the downstream region, resulting in a dra-

matic decrease of aerosol concentration
::
in

:::::
local

:::::::
aerosol

:::::::::::::
concentration

::::
and

::::::
good

::::::::
visibility.

In addition, the low humidity of the
:::
dry

:
air mass suppresses the liquid-phase and hetero-

geneous reactions for
::
of

:
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 transportation

:::::::::
formation

::
of

::::::::
aerosols

:::::::
cannot

::::::::::::
compensate

::
for

::::
the

::::::::::::::
transportation

:::::
loss, leading to low aerosol concentrations and uniform vertical

gradients
:::
and

::::::::
uniform

::::::::
aerosol

::::::::::::::
concentrations

:::
in

::::
the

:::::::
vertical

:::::::::
direction. Once the aerosol

concentrations in vertical direction become uniform
::::::::::::
concentration

:::::::::
becomes

::::::::
uniform

::
in
::::

the

:::::::
vertical

::::::::
direction, the ceilometer cannot calculate the MLH through sudden changes in

the attenuated backscatter profile, which results
:::::::
profiles,

:::::::::
resulting in serious underestima-

tions. An analysis of the relationship between the Richardson number and the error shows

13
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:::
RB ::::

and
::::
the

:::
AE

::::::::
showed

:
that when the ceilometer-measured MLH is subject to relatively

large errors, the Richardson number is approximately 0. Therefore
:::::
large

::::
AE,

::::
the

:::
RB::::::

below

:::
100 m

::
is

::::::::::::::
approximately

::
0

::::
(Fig.

:::::
S1).

::::::
Thus, the near-neutral atmospheric stratification that

occurs when
:::::::
caused

:::
by

:::
the

:::::::::
passage

::
of

:
a cold air mass passes through is the main cause

::
is

:::
the

::::::::
primary

::::::::
reason for the serious underestimation in the observation results by the

ceilometer
:::::::::::::::
underestimations.

To investigate the overestimations in
::::
With

:::::::
respect

::
to

:::::::::::::::
overestimations

:::
of the ceilometer re-

sults, an analysis of the observation results for the particle concentration showed that in this
situation, the concentration is relatively low, but the concentration is relatively high (Fig. 2).
To investigate the reason of the overestimations, we used the meteorological sounding
profile

:::
we

::::
may

:::::
take

:::
the

::::::::::::::
meteorological

:::::::::::
radiosonde

:
at 14:00 LT on 19

::
29 December 2009 as

an example and analysed it for overestimations (Fig. 5). This profile exhibited an obvious
bi-level structure, with the first level

::::
The

:::::
MLH

::
is

:::::::::::
determined at approximately 1100 m; where

the virtual potential temperature begins to gradually increase, the wind speed begins to
increase, and ,

:::::::
where

:::
the

::
θv::::

and
::::
the

:::
WS

::::::
begin

::
to

:::::::::
increase; the ozone concentration is trans-

ported from the background areawith a concentration of about ,
:::::::
where

::::::
ozone

::
is

::::::::
present

::
at

:::::::::::::
approximately 40 ppbv. The second level is

::::::::
However,

:::
the

:::::::::::
ceilometer

::::::::
recorded

::
a

::::::
higher

:::::
MLH

at approximately 1600 m, where the variation rate of virtual potential temperature increases.
However, the ceilometer-measured attenuated backscatter coefficient profile cannot resolve
this type of bi-level structure. A ratio of

:::::
there

:::::
was

::
a

::::::::
sudden

:::::::
change

:::
in

::::
the

:::::::::::
backscatter

::::::::
gradient.

::::::
When

::::
we

::::::::::
measured

::::
the

:
PM2.5/PM10 ::::

ratio
:::

at
::::
this

:::::::::
moment,

::::
we

::::::
found

::::
that

::::
the

::::
ratio

:::::
was only 0.15exhibits clear characteristics of dust crossing. Therefore, the aerosol

concentration caused by 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 overestimated observation results by the ceilometers ,

:::
a

:::::
clear

:::::::::::::
characteristic

:::
of

:
a
::::::::::
sand-dust

:::::::::
crossing.

::::
Due

::
to

::::
the

:::::
large

::::::::
number

::
of

::::
dust

:::::::::
particles,

::::
the

:::::::
aerosol

::::::::::::::
concentrations

:::::::
became

::::::::
uniform

::::::
below

:::::
1600 m

:
.
::::
This

::::
led

::
to

::
a

:::::::
sudden

::::::::
change

::
in

:::
the

::::::::::::
backscatter

::::::::
gradient

::
at

:::::
1600 m

::::
and

::::::
made

::
it

:::::::
difficult

::
to

:::::::
identify

::::
the

::::
real

:::::
MLH

:::
at

:::::
1100 m

:
;
:::::
thus,

:::
an

:::::::::::
erroneously

:::::
high

14
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::::
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

:::::::::
advective

:::::::::
transport

::
or

:::::
past

:::::::::::::
accumulation

::::::::::
processes,

:::::::::::
interpreting

::::
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

:::::::::::::
observations;

::::
the

:::::
only

::::::
option

:::
that

:::::
can

:::
be

:::::
used

:::
to

::::::
rectify

::::
the

:::::
MLH

:::
is

::
to

::::::::::
eliminate

:::
the

:::::
data

:::::
with

:::::
large

:::::
AE. After deter-

mining the reasons for the underestimations and overestimationsin the ceilometer data, the
results with large errors according to certain principles must be eliminated,

::::
the

::::::::::
elimination

::
is

:::::
much

::::::
easier

::
to

::::::::::
implement. 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

:::
the

:::::::
periods

::::::
when

:::::
cold

:::
air

::::::::
passed

::::
with

:
a sudden change

::
in

:::::::::::
temperature

::::
and

::::
WS. For overestimations, we used the date of dust occurrence based on

the sand–dust
:::::::
referred

:::
to

:::
the

::::::::::
sand-dust

:
weather almanac to eliminate the time periods of

dust crossing when the
:::::::
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

:::::::
starting

::::
and

:::::::
ending

::::
were

:::::::::::
determined

:::
as

:::
the

::::::
times

::::::
which

:::
the

:::
the

:
ratio of PM2.5 and

::
to

:
PM10 suddenly decreases.

An analysis of the meteorological sounding profiles after eliminating the erroneous data
showed that a high correlation occurred between the

::::::::::
decreased

::
or

::::::::::
increased,

::::::::::::
respectively.

::::::
Finally,

::::
the

::::
data

:::::::::
obtained

::::::
during

::::
the

::::::::::
sand-dust

:::::::
periods

:::::
were

:::::::::::
eliminated.

:::::
After

:::
the

::::::::::
screening

:::::::::
process,

::::
the

:
post-elimination ceilometer data and meteorological

sounding observations, and the correlation coefficient was more
:::::::::::
radiosondes

::::
are

::::::::
strongly

::::::::::
correlated,

::::
with

:::
a

::::::::::
correlation

:::::::::::
coefficient

:::::::
greater

:
than 0.9, which also demonstrated the

effectiveness and manipulability
:::::::::::::
demonstrating

::::
the

::::::::::::
effectiveness

:
of the elimination method

(Fig. 6). Overall, by analysing the weather conditions that caused the error of ceilometer
observation, the conventional meteorological data and and were used to eliminate the
observation results. The

:::::::::::::
Consequently,

::::
the elimination results are good, and this .

:::::
This
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method replaces the time-consuming method of filtering the data manually , which
::::
and 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

::::::::::
continuous

::::::::::
measured

:
MLH and meteorological data in 3 consecutive years

::::
over

::
a

::::::
3-year

::::::
period (from December 2009 to November 2012). First, the effectiveness of the data must
be verified after performing the

::::::::::
availability

::::
was

::::::::
verified

:::::
after

:::
the

::::::
MLH elimination by the

aforementioned method. The results of the evaluation indicate that the effectiveness of
the data

:::::::::
availability

:
in different seasons is significantly negatively correlated with wind

speed and significantly
::::
WS

::::
and

:
positively correlated with relative humidity

:::
RH

:
(Fig. 7a).

For spring and winter seasons with relatively large wind speeds and relatively low humidity,
the effectiveness of the data

:::::
large

::::
WS

::::
and

::::
low

::::
RH,

:::
the

::::::::::
availability

:
is low, whereas for sum-

mer and autumn seasons with relatively small wind speeds and relatively high humidity, the
effectiveness of the data

:::::
small

::::
WS

::::
and

::::
high

:::::
RH,

:::
the

:::::::::::
availability is high. In particular, the

effectiveness
:::::::::
availability

:
is lowest in January at 63.5 % and highest in June at 95.0 %. The

average effectiveness of the data over 3 years
::::::::::
successful

::::::::
retrieval

::
of

:::::
MLH

:::::
over

::::
the

::::::
3-year

::::::
period is approximately 80 %

:
,
:::::
much

:::::::
higher

::::
than

::
in

::
a
::::::::
previous

::::::
study

::::
(Muň

::
oz

::::
and

:::::::::::
Undurraga,

:::::
2010).

Using the validated data, we analysed seasonal changes
::::::::
analyzed

:::::::::
seasonal

::::::::::
variations

over 3 years. The results indicated that the daily minimum
:::::::
showed

::::
that

::::
the

::::::::
changes

:::
of

:::
the

::::::::
monthly

::::::
mean

:::::
were

:::::::
similar

::
in

::::::::
different

:::::::
years,

::::
and

:::
no

::::::::::::
inter-annual

:::::
trend

::::
can

:::
be

::::::
found

::::
(Fig.

:::::
S2).

::::::::::
Therefore,

:::
we

:::::::::
examined

::::
the

:::::::::
averaged

:::::::::
seasonal

:::::::::
variation,

::::
and

:::
the

::::::::
monthly

::::::
mean

::
of

::::
the

:::::
daily

::::::::::
minimum,

:::::::::
average,

::::
and

::::::::::
maximum

::::::
were

:::::::::::
calculated,

::::::::::::
respectively.

:::::
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
:::::::::
maximum

::::::::
monthly

::::::
mean

:::
of the daily min-

imum MLH of
:::
was

:
351

::
±

:::
185 m appeared in May, and the minimum of

::::
was

:
238

::
±

:::
202 m

appeared in October. The daily minimum MLH generally occurred during night-time with

:::::
under

::::::::::
conditions

:::
of stable stratification, and the nocturnal stable boundary layer height was
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closely related to wind speed
:::
WS

:
(Zilitinkevich and Baklanov, 2002; Hyun et al., 2005);

therefore, the seasonal variation in daily minimum MLH was consistent with the seasonal
variation in wind speed

:::
WS

:
(Fig. 7a).

Compared with the average daily minimum MLH, both the monthly
::::::
mean

::
of

::::
the

:::::
daily

average and the average daily maximum MLH exhibited different seasonal variations. As
shown in Fig. 7b, two platform periods and

:::::
(from

::::::
March

:::
to

:::::::
August

::::
and

:::::
from

:::::::::
October

::
to

::::::::
January)

::::
and

:
two transitional periods

:::::::::
(February

::::
and

::::::::::::
September) occur for the variations

of the monthly average MLH. The MLH is similar in October and November (autumn) and
January and December (winter) at

::::
from

::::::::
October

:::
to

::::::::
January

::
at

::::::::::::::
approximately 500 m, and it

is similar in March , April, and May (spring) and June, July, and August (summer) at
::::
from

::::::
March

::
to

:::::::
August

::
at

::::::::::::::
approximately

:
700 m. February and September are the two transitional

months and have values of
:::::::::::::
approximately 600 m. The month with the highest MLH is May

at 739
::
±

::::
137 m, and the MLH is lowest in December at 435

:
±

:::
148 m. The seasonal variation

in the average daily maximum MLH is similar to the monthly average. The monthly average
daily maximum MLH is

:::::
mean

::::
with

::::
the

:
highest in May at 1480

::
±

::::
448 m , and is

:::
and

::::
the

lowest in December at 787
::
±

:::
297 m.

Previous studies have indicated
::::::::::
suggested that the seasonal variation in the MLH could

::::
may

:
be related to the radiation flux (Kamp and McKendry, 2010; Muňoz and Undurraga,

2010). As
:
,
:::
but

::::
our

::::::
study

::::
was

:::
not

::::::::
entirely

::::::::::
consistent

::
as

:
shown in Fig. 7b, the total radiation

flux during spring in Beijing is significantly higher than in summer, whereas .
:::::::::
Although

::::::
spring

:::
had

::
a
::::::::::::

significantly
:::::::
higher

::::
total

:::::::::
radiation

::::
flux

:::::
than

:::::::::
summer, the MLH in summer

::::::
spring

:
is

equal to that in spring, and this result is inconsistent with that of previous studies. Although
this study has determined seasonal variations in the MLH,

::::::::
summer.

:::::
This

::
is

:
because more

data were eliminated for winter and spring, especially for weather with dry wind and rela-
tively high MLHs,

:
.
::::::
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 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
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flux and found
::::
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

:::::::::::::::
thermodynamic

::::::
model

:::
of

:::
the

:::::::
mixing

:::::
layer

:::::::
growth

::::::
(Stull,

::::::
1988),

:::
as

:::::::
follows:

∂zi
∂t

=
w′θ′s−w′θ′zi

γzi
:::::::::::::::::

(6)

::::::
where

::
zi::

is
::::
the

:::::
MLH

:
(m

:
),
::

t
::
is

::::
the

::::
time

::
(s

:
),

:::
θs ::

is
:::
the

:::::::
virtual

:::::::::
potential

:::::::::::
temperature

:::::
near

::::
the

::::::
ground

::
(K

::
),

::
θz::

is
::::
the

::::::
virtual

:::::::::
potential

::::::::::::
temperature

::
in

::::
the

:::
top

::
of

::::
the

:::::::
mixing

:::::
layer

:
(K

:
),

::::
and

::
γ

::
is

:::
the

::::::
lapse

::::
rate

:::
of

:::
the

:::::::
virtual

::::::::
potential

::::::::::::
temperature

::
(K m−1

:
).

:::::::::
Suppose

::::
the

::::
heat

:::::
from

::::
the

::::::
ground

:::
is

:::
the

:::::
only

::::
way

::
to

::::::
warm

:::
the

:::::::
mixing

:::::
layer

::::
and

::::
the

::::
heat

::::
flux

:::
at

::::::
height

::
zi::

is
:::::
zero,

:::::
then

:::
the

:::::
MLH

:::
is

:::::::
related

::
to

::::::
w′θ′s.::::::::::::

Considering
::::
that

::::
QH::

is
::::::::
defined

:::
as

::::
the

::::::::
equation

::::
(1),

::::::
MLH

::
is

:::::::::::::::
correspondingly

:::::::
related

::
to

::::
QH.

::::::::::
Therefore,

:::
the

:::::::::::
relationship

:::::::::
between

:::::
daily

::::::::
changes

::
in

::::
the

:::
QH

::
at

::::
280 m

:::
and

:::::
MLH

::::
was

::::::::::
analysed.

::::
The

:::::::
results

::::::::
showed that the average

:::
QH::::

and
:
MLH from

12:00 to 17:00 LT and the sensible heat flux were well correlatedand had
:
,
::::
with

:
a correlation

coefficient of 0.65, which characterizes the
:
.
::::::::
Because

::::
net

::::::::
radiation

:::::
(Q∗)

::::::
should

:::
be

:::::::::
balanced

::
by

::::
the

::::
QH,

::::
QE,

::::
and

:::
soil

:::::
heat

::::
flux

:::::
(QG)

:::::
given

:::
as

:::::::
follows

::::::
(Stull,

::::::
1988):

:

Q∗ = QH + QE + QG::::::::::::::::::
(7)

:::
the

::::::
strong

::::::::::
correlation

:::::::::
between

:::
the

::::
QH ::::

and
:::::
MLH

::::::
proves

::::
the dominant role of radiation in the

variations
::::::::
variation

:
of MLH (Fig. 8).

3.3 Impact of mountainous plain winds on MLH

We analysed the diurnal variations in
::
of

:
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 stagefor
the MLH; from 14:00 to 18:00 LT, which is the maintenance stageof the mixing layer; from
18:00 to 20:00 LT, which is the rapid decrease stageof the mixing layer; and after ;

::::
and

:::::
from
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20:00 LT and until
::
to

:::
the

::::
next

::::::::
morning

:::
at 08:00 LTin the morning of the second day, which is

the stable boundary layer stage with relatively low MLH (Fig. 9a
:::
S3). These types

::::::
stages of

development and dissipation mechanisms are consistent with the description of
:::::::
reported

:::
by

Stull (1988). Although the daily
:::
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.

::::::::::
However,

:
it
:::::::

should
:::
be

::::::
noted

:::::
that

::::::::
summer

:::
has

::::::
lower

:::::::::
radiation

::::
and

::
a

::::::
larger

:::::
daily

::::::
range

::::
than

:::::::
spring

:::::
(Fig.

:::
7).

::::::::::
Therefore,

::::
our

:::::
study

::::
will

::::::::::
emphasise

::::
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 close

::::::
similar between spring and

summer, the diurnal variation in the MLH exhibits considerable differences. At
:
.
:::::::::
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

::::::
Figure

::::
9a,

::
at

:
night-time in spring, the MLH is high and relatively stable

::::::
almost

:::::::::
constant,

whereas at night-time in summer, the MLH exhibits
::::::
shows

:
a gradual decreasing trend.

After sunrise and before 12:00 LT, the growth rate of the atmospheric
::::
rate

::
of

:::::::::
increase

::
in

:::
the

:
MLH is relatively high in springand reaches ,

:::::::::
reaching

:
114 m h−1, whereas the hourly

growth rate of the mixing layer
::::
rate

::
in

::::::::
summer is relatively lowin summer and only reaches ,

102 m h−1. Between 12:00 and 14:00 LT in spring, the growth rate of
::::
rate

::
of

::::::::
increase

:::
in the

MLH is 119 m h−1, whereas the growth rate of the MLH
::
in

::::::::
summer

::::
the

::::
rate

::
of

:::::::::
increase

:
is

significantly enhancedin summer and reaches
:
,
::::::::
reaching

:
165 m h−1. Such changes reflect

the convex variation characteristics in spring and concave characteristics in
::::::
spring

::::
and

summer during the development stage of the MLH
:
,
:::::::::::
respectively.

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 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

:::
The

:::::::::::::
development

:::
of

:::::
MLH

::
is

:
mainly related to the magnitude of turbulent

energy. Two components are
::::::::
turbulent

:::::::
energy

::::
and

::::
the

::::::::::
production

:::
of

:::
the

:::::::::
turbulent

:::::::
energy
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::
is closely related to turbulent energy

:::
two

::::::::::::
components: the heat flux caused by radiation

:::::::
( g
θv
w′θ′v):and the momentum flux generated by wind shear (

:::::::::
−u′w′ ∂u∂z )

::
(Stull, 1988). Because

the seasonal variation of
::
in

:
heat flux is difficult to explain according to the aforementioned

criteria
:::
the

:::::
daily

:::::
MLH

::::::
range, we analysed the seasonal variations in

::
of

:
the horizontal wind

vectorat 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 sea-
sonal variation in

:
of

:
the wind vectorof the Beijing area. The .

:::
In

::::::
winter

::::
and

:::::::
spring,

:::::::
Beijing

::
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 the spring season
::::::
spring

::::::::
typically exhibits a northwesterly

:::::::::
northwest

:
wind in the

morning and southwesterly
:
a
::::::::::
southwest

:
wind in the afternoon. What matters most is that

the alternation phenomenon between the mountainous wind beginning at 03:00at night
and the valley wind at 12:00in the afternoon starts to occur in summer. 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

:
In

:::::::::
summer,

::::
the northward lift and westward intrusion of a subtropical high in

summer causes the southerly moist air mass with relatively small wind velocity to
:::::
small

::::
WS

::
to

:::::
arrive

::::
and

:
dominate. Because Beijing is located to the west of the Taihang Mountains and

south of the Yanshan Mountains , in the absence
::::
(Fig.

:::
1),

:::::::
without

::::
the

::::::::
passage

:
of large- or

medium-scale meteorological systems passing through in
::
in

:::
the

:
summer, the local moun-

tainous plain wind is superimposed to
::
on

:
the southerly air flow and jointly affects

:::::
these

::::
two

::::::::
systems

:::::
jointly

::::::
affect the meteorological characteristics of the North China Plain.

:::::::::
Therefore,

:::
the

::::::::::
alternation

:::::::::
between

:::
the

::::::::::::
mountainous

::::::
winds

::::
that

::::::
begin

::
at

::::::
03:00 LT

::
at

:::::
night

::::
and

:::
the

:::::
plain

:::::
winds

:::::
that

::::::
begin

::
at

::::::
12:00 LT

:
in

::::
the

::::::::::
afternoon

:::::::
occurs

::
in

:::::::::
summer.

::
In

::::::::::::
September,

::::
with

::::
the

::::::::::
southward

::::
and

:::::::::
eastward

::::::::::
movement

::
of

::::
the

:::::::::::
subtropical

:::::
high,

:::
the

::::::::::
circulation

:::
of

::::::::::::
mountainous

::::
plain

::::::
winds

::::::
starts

::
to

:::::::::
weaken,

::::
and

:::
this

::::::::::
circulation

:::::::::::
disappears

::
in

:::::::::::
November.

:
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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, and this is called the downslope wind or cold drainage flow. The cooled
air then

:
.
::::
The

::::
cold

:::
air

:
flows into the plain

::::::
North

:::::
China

::::::
Plain and accumulates in a cold pool,

and the cold air that continuously fills the plain continues to increase the
:::::::::
increasing

::::
the

thickness of the inversion layer, and the thickness of the mixing layer gradually decreases.
After sunriseas the radiation enhances, the

:
,
::::
the

::::::::
radiation

:::::::::::
increases;

:::
the

:::::
MLH

::::::::::
increases

::::::
rapidly

::::::
under

::::
the impact of thermal buoyancy liftcauses 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

::::
from

:
the southwesterly direction gradually dominates and is maintained until approximately

03:00 LT in the morning of the second
:::
next

:
day. According to Fig. 9c, from 03:00 LT to

12:00 LT during
:
in
:
summer, the air space from the near surface to

:::::::::::
troposphere

::::::
below

:
300 m

is gradually controlled by
::::::::
gradually

::::::
cools

:::::
down

:::::
from

:::
low

::
to

:::::
high

::::
due

::
to the cold drainage flow

in the northeasterly direction, and the MLH exhibits a gradually diminishing
::::::::::
decreasing trend

from 03:00 to 06:00 LT. This
:::::::::
However,

:::
this

:
trend does not occur in spring (Fig. 9a). Similarly,

between 09:00 and 12:00 LT
::
in

::::::::
summer, the cold drainage flow causes

::::::::::
suppresses

::::
the

::::::::::::
development

::
of

:::
the

:::::
MLH

::::
with

:
a low hourly growth rateof the mixing rate in summer, whereas

::::::
growth

:::::
rate;

:::
in

:::::::
spring,

:::::::
without

::::
this

:::::::::
inhibitory

:::::::
effect,

:
the growth rate of the MLH is highin

spring. After 12:00 LT
::
in

::::::::
summer, the southerly plain wind causes the growth rate of the

MLH to increase from
::
to

::::::::
increase

:::::::::
between 12:00 to

:::
and

:
14:00 LTin 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

:::::::
decline

:::::::::
gradually

:::
at

:::::
night;

:::::
this

::::
also

:
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

:::::::::
compared

::
to

:::
the

:::::::
spring,

::::
the

::::::::
regional

::::::::::
circulation

::
in

::::::::
summer

:::::::::
produces

::
a
:
concave-down variation in the
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fast
:::::
rapid development stage of the mixing layer in summercompared to the spring

:::::
MLH

::
in

::::::::
summer.

3.4 Implications for air pollution

3.4.1 Thermal/dynamic structures inside mixing layers with
:::::::::::
parameters

:::::::
under

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 variation features were
obtained for the wind speed, humidity, sensible heat, latent heat, friction velocity, and
turbulent kinetic energy (TKE)

::
as

::
a

::::::::::
reference.

::::
WS,

:::::
RH,

::::
QH,

::::
QE,

:::
u∗,::::

and
::
e
:
at 280 m

::::
were

::::::::
obtained

:
under different visibility conditions . As shown in

::::
(Tab.

:::
2

::::
and

:
Fig. 10

:
).
::::::
Clear

::::
days

::::::
were

:::::::
defined

:::
as

:::::
days

::::::
when

::::
the

::::::::
visibility

::
is

:::
≥

:::
10 km,

:::::
and

::::::
slight,

:::::
light,

:::::::::
medium,

::::
and

::::::
heavy

::::
haze

:::::::::
pollution

:::::::::::::
corresponded

::::
with

::
5 km

::
≤

:::::::
visibility

:
<

::
10 km, on

:
3 km

:
≤

:::::::
visibility

::
<

:
5 km,

:
2 km

:
≤

:::::::
visibility

::
<

:
3 km

::::
and

::::::::
visibility

::
<

:
2 km

:
,
::::::::::::
respectively

::::::
(CMA,

:::::::
2010).

:::
On

:
clear days with

atmospheric visibility≥10 km, the relative humidity
:::
RH was the lowest, with an average

of 43.3 %, whereas the sensible heat flux, friction velocity and TKE
:::
and

:::::
QH,

::
u∗::::

and
::
e
:
were

the highestand averaged
:
,
:::::::::
averaging

:
20.4 W m−2, 0.45 m s−1, and 0.99 m2 s−2, respectively.

The MLH was 664.2
:::
664 m on average, and the maximum after noon could reach 1144.8

::
in

:::
the

:::::::::
afternoon

:::::::::
reached

:::::
1145 m. With declines of atmospheric visibility, slight haze pollution

occurred in the visibility range of 5 to 10(CMA, 2010). Compared with clear days, the relative
humidity during light haze pollution

:::
the

::::
RH significantly increased to 63.1 %, and both the

friction velocity and TKE
:::
the

:::
u∗::::

and
::
e significantly declined to 0.32 m s−1 and 0.64 m2 s−2,

respectively, at
::::
with

:
a reduction rate of approximately 30 %, whereas the average sensible

heat flux and MLH did not show significant changes at values of ;
::::

the
::::

QH:::::
and

:::::
MLH

::::
was 19.7 W m−2 and 671.0

:::
671 m, respectively. As the atmospheric visibility continued to

decline, light haze pollution occurred in the visibility range of 3 to 5, medium haze pollution
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occurred in the visibility range of 2 to 3, and heavy haze pollution occurred in the visibility
range of less than 2(CMA, 2010). Compared with slight haze pollution conditions, the
relative humidity ,

::::::::
without

::::
any

::::::::::
significant

:::::::::
changes.

:::::
With

::::
the

::::::::
pollution

::::::::::::
aggravated,

:::
the

::::
RH

continued to increasewith the aggravated pollution, and in the periods of
:
;
:::::::
during

:
light,

medium
:
,
:
and heavy haze it could reach

::::::::
reached to 73.4, 79.6, and 86.4 %, respectively;

the friction velocity .
::::
The

:::
u∗::::

and
::
e

:::::::::
remained

::::::
almost

:::::::::
constant,

:::::
and

:::
the

:::
QH::::

and
:::::
MLH

::::::::
showed

:::::::::::
significantly

:::::::::
declining

::::::
trend.

::::
The

::::::::::
measured

:::::::
values

::::::
under

:::::
light,

:::::::::
medium,

::::
and

:::::::
heavy

:::::
haze

::::
were

:::
as

::::::::
follows:

::
u∗:was 0.28, 0.26, and 0.23 m s−1, respectively; the TKE

:
e
:
was 0.56, 0.52,

and 0.46 m2 s−2, respectively; the sensible heat flux
:::
QH:was 15.2, 12.8, and 7.8 W m−2,

respectively; and the MLH was 586.1, 430.0, and 320.1
::::
586,

:::::
430,

::::
and

::::
320 m, respectively.

Therefore

::
In

:::::::::
summary, when clear days change to slight haze, the wind speed, friction velocity,

and TKE significantly decline but the sensible heat flux
::::
WS,

::::
u∗, ::::

and
:
e
::::::::
decline

:::::::::::
significantly

:::
but

:::
the

::::
QH:

and MLH do not change significantly. When the degree of pollution transforms
from slight haze

:::::
slight

:::::
haze

::::::::
evolves to light, medium, and heavy haze, significant changes

::
in

::
u∗::::

and
::
e
:
do not occurin the friction velocity and TKE, the sensible heat flux significantly

declines, and the MLH gradually decreases,
::::
but

::::
the

:::
QH:::::

and
:::::
MLH

:::::::::
decrease

::::::::::::
significantly.

It should be noted that although the relative humidity
:::
RH varied considerably at different

pollution stages, significant differences
:::::::
changes

:::
in

:::
QE:

did not occurin the latent heat flux,
which varied from clear days to heavy haze days at

:
;
::
its

:::::::
values

::::
was

:
18.7, 19.9, 21.5, 18.8,

and 19.8 W m−2
::
on

::::::
clear

:::::
days

::::
and

::::::
under

:::::::::::
conditions

::
of

::::::
slight,

::::::
light,

::::::::
medium,

:::::
and

::::::
heavy

::::::::::::::::
haze,respectively. Thus, when clear days transform

:::::::
change to slight haze, dynamic effects

have a relatively large influence
::::::
impact

:
on the mixing layer, whereas thermodynamic effects

have a relatively significant influence during the transition process from slight haze
:::::
when

:::::
slight

:::::
haze

:::::::
evolves

:
to heavy haze,

:::::::::::::::
thermodynamic

:::::::
effects

::::
play

::
a
:::::::::
dominant

::::
role.

To verify these results, we examined the TKE budget equation. If we presume a horizontal
average and neglect the advection of wind, then the forecast equation of the TKE can be
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written as follows (
:::::
Stull,

:::::
1988;

:
Garratt, 1992):

∂e

∂t
= −u′w′∂u

∂z
+
∂g

∂θv

g

θv::

w′θv
′−

∂
(
w′e+ w′p′

ρ

)
∂z

∂
(
w′e

)
∂z::::::

− 1

ρ

∂
(
w′p′

)
∂z

−
::::::::::

ε, (8)

where θv is the virtual potential temperature
::
p

::
is

:::
the

:::
air

::::::::
pressure

:
(Pa

:
),

::::
and

:
ε
::
is
::::
the

::::::::::
dissipation

::::
term

:::
of

::::
TKE

::
(m2 s−3). 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

:::
and

::::
the

:::::
third

::::
and

::::::
fourth

::::::
terms

::::
are

:::
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

::::::
terms,

::::::::::::
respectively.

:::::::::
Because

:::
the

:::::::::
turbulent

:::::::::
transport term does not generate

or destroy the TKE , and it just
:::
but

:::::::
simply

:
moves the TKE from one position to another

position or redistributes
::
or

::::::::::::
redistributes

::
it,

::::
the

:::::::
integral

:::
of

::::
this

:::::
term

::
in

:
the TKE. This term

remains constant at zero in the entire mixing layer ; therefore, we did not analyse it in this
study

::::::
mixing

:::::
layer

::::::::
remains

::::::::
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, to

:::
we

:::
did

::::
not

::::::::
consider

::::
the

::::
third

::::
and

::::::
fourth

::::::
terms

:::
of

::::
TKE

::
in

::::
this

::::::
study.

:

::
To

::
differentiate the contribution of horizontal turbulence and vertical turbulence to

the TKE, we only analysed the shear and buoyancy term in
:::::
terms

:::
in

::::
the

:
TKE fore-

cast equation
:::::
were

:::::::::
analysed

::::
as

:::
in

::::
the

:::::::::
previous

::::::
study

:
(Ye et al., 2015). As shown

in Fig. 10d, the average value of the buoyancy term for
:::::::::
buoyancy

::::::
term

:::
on

::
clear

days, slighthaze, lighthaze, mediumhaze,
::::
light,

:::::::::
medium,

:
and heavy haze

::::
hazy

::::::
days

:
is

0.67×10−3, 0.64×10−3, 0.49×10−3, 0.39×10−3, and 0.24×10−3 m2 s−3, respectively,
and the average shear term

:::::
shear

:::::
term

:::::
under

::::::
these

::::::::::
conditions is 1.02×10−3, 0.66×10−3,

0.37×10−3, 0.26×10−3, and 0.23×10−3 m2 s−3, respectively. Therefore, the key meteo-
rological factor for the conversion from clear days to slight haze is the

:
to

::::::
slight

:::::
hazy

:::::
days

::
is

:::
the

:::::::::
decrease

:::
of

:::
the

:
shear term in TKE, and it is mainly characterized

::::::::::::
characterised

:
by

a significant reduction of
:
in

::::
the horizontal wind velocity; the key meteorological factor for the
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conversion from slight haze to light, medium, and heavy hazeis the
:
,
::::
the

:::::::::
decrease

::
of

::::
the

buoyancy term in TKE
:
is

:::::::
crucial, and it is mainly characterized

::::::::::::
characterised

:
by a significant

reduction of the sensible heat and the
::
in

:::
the

::::
QH::::

and MLH.

3.4.2 Critical meteorological conditions
:::::::
factors for the formation and dissipation of

heavy air pollution

::
At

:::::
least

:::::
one

:::::::::
previous

::::::
study

:::::::::
indicates

::::::
when

::::
the

::::::
MLH

:::::::::::
decreases,

::::
the

:::::::::::::
concentration

:::
of

:::::::::::
atmospheric

:::::::::
particles

::::::::::
increases

:::::
and

::::::::
visibility

:::::::::::
decreases

::::::
(Tang

:::
et

::::
al.,

:::::::
2015).

:::::::::
However,

::::::::
analyses

:::
of

:::
the

::::::
MLH

::::
and

::::::::
particle

:::::::::::::
concentration

:::
or

::::::::
visibility

:::::::::
indicates

::::
that

::::
the

::::::::::
correlation

:::::
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

::::::::::
correlation

:::::::::
between

:::::
them

::
is

::::::
poor,

::::
with

:
a
:::::::::::
correlation

::::::::::
coefficient

::
of

:::::
only

::::
0.08

:::::
(Fig.

:::::
11);

::::
this

::::::
finding

:::
is

::::::::::
consistent

::::
with

::::
the

:::::::
results

::
of

::::::::
previous

:::::
study

:::
(Li

:::
et

:::
al.,

::::::
2015).

:

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

:::::::::
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

:::::::::
diffusion

:::::::::::
capabilities

:
of pollutants, and higher wind speeds

indicate a stronger horizontal diffusion capability. In most studies
::::::::::::
respectively.

::::::::::::
Synthesising

:::::
these

::::
two

:::::::
factors, the product of the MLH and the wind speed

::::
WS (ventilation coefficient:

:::
VC) is usually used as the

:::
an index to measure the capability of atmospheric diffusion;

:
a
:::::::
higher

:::
VC

:::::::::
indicates

::::::::
stronger

:::::::::
capability

:
(Tang et al., 2015). To represent the atmospheric

diffusion capability during different seasons, we analysed the ventilation coefficient (VC)
in the Beijing area. As shown in Fig. 11a, the atmospheric diffusion capability is the
strongest

::::::
Figure

:::::
12a,

::::
the

:::
VC

:::
is

:::::::
highest

:
in spring with a ventilation coefficient of approxi-

mately 2000 m2 s−1; the atmospheric diffusion capability in summerreaches 1782, and in
autumn

:
,
::::::::
followed

:::
by

::::::::
summer,

:::::::::
autumn, and winter, it reaches

:::::
when

::::
the

::::
VC

::
is

::::::
1782, 1095

and 1072 m2 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, respectively.
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The ventilation coefficient in April is 2.3 times than that in December. Although
::::::::
However,

::::::::
although

:
the atmospheric diffusion capability is strong in spring and summer and the

atmospheric diffusion capability in summer is
:
in

::::::::
summer

::
is
::::::
much

::::::
better

::::
than

::::
that

:::
in

:::::::
autumn

:::
and

:::::::
winter

::::
and

::::
the

::::
VC

::
in

:::::::::
summer

::::
can

:::
be

:
1.7 times than that of

::::::
higher

:::::
than

::
in

:
autumn

and winter, the visibility is the lowest (∼ 9
::::::
lowest

:::::
(∼ 9 km) in summer and the PM2.5 con-

centration is the highest (∼ 85 µg m−3)
:
in

:::::::::
summer (Fig. 11a

:::
12a). By dividing the visibility

between
::::::::
focusing

:::
on

::::::::
visibility

:
≥10 km and

:::::::
visibility<10 km

:::::::::
separately, we find that the

occurrence frequency of haze is highest in summer at
::::::::::
occurrence

:::
is

:::::::
highest

::
(up to 73 %,

and )
:::

in
:::::::::
summer,

:::::::::
whereas

::
it

::
is
:

approximately 40 % in other seasons . Therefore, the

::::
(Fig.

:::::
12b).

::::::::::
Therefore,

:::::::
strong

::::::::
diffusion

:::::::::
capability

:::::::
cannot

:::::::
explain

:::
the

:::::::::::
occurrence

::
of

:
heavy pol-

lution in summerand 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
atmospheric MLH gradually declines, which indicates that at a slight pollutionstage,

::
To

::::::
obtain

::
a
::::::

clear
::::::::::::::
understanding

:::
of

::::
the

::::::::::::
relationship

:::::::::
between

:
the degree of atmospheric

pollution is essentially not related to
::::::::::::
atmospheric

:::::
MLH

::::
and

:::
air

:::::::::
pollution,

:::
we

:::::::::
analysed

::::
the

::::::::::
correlation

::::::::
between

:::::
daily

:::::::::
averages

::
of

:
the MLH and

:::::::
visibility

::::::::::
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

::::::::
between

::::
the

:::::
MLH

:::::
and

::::::::
visibility

:::::
was

:::::
poor,

:::
but

::::::
when

:::
the

::::
RH

::::::::::
exceeded

:::
80 %

:
,
:::
the

:::::::::::
correlation

::::::::::
coefficient

:::
of

::::::
these

::::
two

::::::::::::::
measurements

:::::::::::
significantly

::::::::::
increased

::
to

:::
as

::::::
much

:::
as

::::
0.72

:::::
(Fig.

:::::
11).

::
If

:::
we

::::::::
assume

::::
that

:::
no

:::::::::
transport

:::::
from

:::::
other

:::::::
regions

::::::::
occurs,

:::::
local

:::::::::::::
contributions

::::::
(local

::::::::::
emissions

::::
and

:::::::::::
secondary

::::::::::
formation)

::::
will

:::::::::
dominate 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 . The statistical results of previous
studies indicate that as the MLH decreases and the concentration of atmospheric particles
gradually increases, the visibility gradually decreases.However, an analysis of the MLH and
the particle concentrationor visibility indicates that the correlation between the MLH and the
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particle concentration or visibility is not strong, and they may even be uncorrelated (Li ;
::
if

:::
we

::::::
further

:::::::::
suppose

::::
that

:::
the

:::::
local

:::::::::
emission

::
is
:::::::::
constant

::::::
every

::::
day,

::::
due

::
to

::::
the

:::::::::
dominant

::::
role

::
of

:::
the

:::::::::
aqueous,

:::::::::::::::
heterogeneous,

::::
and

::::::::::::
hydroscopic

::::::::::
processes

:::
for

:::
the

:::::::::
formation

:::
of

::::::::
particles

::
in

::::::
Beijing

:::::
(Guo

:
et al., 2015; Tang

:::::
2014;

::::
Sun

:
et al., 2015). To determine the

::::::
2014),

:::::
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

:
relationship between

the atmospheric MLH and atmospheric pollution, we analysed the correlation between the
daily average MLH and atmospheric visibility and found that the

::::
MLH

::::
and

::::::::
visibility

:::::::
should

::
be

:::::::
strong.

::::::
Thus,

:::::
poor

:
correlation between 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

:::::::
visibility

:::::::::
indicates

::
a
:::::::::::

significant
:::::::::
influence

:::::
from

::::::::
regional

::::::::::::::
transportation,

:::::
and

:::::
their

:::::
good

::::::::::
correlation

::::::::
indicates

::::
the

:::::::::
dominant

::::
role

::
of

:::::
local

:::::::::::::
contributions.

:::::
Tang

:
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 coefficient of 0.72

:::::
found

::::
that

::
in

::::
light

:::::::::
pollution,

:::::::::
regional

:::::::::
transport

:::::::::::
contributes

:::::::
heavily,

:::::::::
whereas

::
in
:::::::

heavy
:::::::::
pollution,

:::::
local

::::::::::::
contributions

:::::::::
dominate.

:::::::::
Because

::::
low

::::
and

:::::
high

:::
RH

:::::::::::
correspond

:::
to

::::
light

::::
and

::::::
heavy

:::::::::
pollution,

:::::::::::
respectively,

::::
the

::::
two

:::::::::::
conclusions

::::
are

:::::::
strongly

:::::::::::
consistent.

:

::
In

::::
our

:::::
data,

:::::::::
scatters

::::::
under

:::::
poor

::::::::::::
relationship

:::::::
always

:::::::::::::
corresponded

:::
to

:::::
clear

::::::
days

::::
and

:::::
good

::::::::
visibility,

::::
and

::::::::
scatters

::::::
under

::::::
strong

:::::::::::
relationship

::::::::::::::
corresponded

::
to

:::::
hazy

:::::
days

::::
and

:::::
poor

:::::::
visibility

:
(Fig. 11b

:::
11). Previous studies have indicated that there are considerable differ-

ences in the chemical composition of particles between clear and haze days , and as

:::::::
present

:::
on

::::::
clear

::::
and

:::::
hazy

::::::
days

:::::::
(Zhang

:::
et

::::
al.,

::::::
2014).

::::
As

:
the particle concentration in-

creases, the magnitude of enhancement is highest for sulfates
::::::::::
percentage

:::
of

::::::::::
sulphates,

nitrates, and ammonium aerosols with relatively strong hygroscopicity
:::::
strong

::::::::::::::
hygroscopicity

:::::::::
increases, whereas the magnitude of enhancement is relatively low for

::::::::::
percentage

:::
of

:
or-

ganic matter aerosols with relatively weak hygroscopicity . Therefore, the variation in crustal
elements is not significant and exhibits higher sulfate

:::::
weak

::::::::::::::
hygroscopicity

::::::::::
decreases.

::::::
Thus,

:::
the

::::::::
aerosols

:::::::
exhibit

::::::
higher

:::::::::
sulphate, nitrate, and ammonium ratios on haze days

:::::
hazy

:::::
days,
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:::::
which

:::::::::
indicates

::::
the

:::::::::
dominant

:::::
role

::
of

::::
the

:::::::::::
secondary

:::::::::
formation

:
(Zhang et al., 2014). This

result also indicates that the humidity plays an important role in transforming the pollutants
for heavy haze days

:::::
From

::::
the

:::::::::::::::
aforementioned

::::::::::
analyses,

:::
the

:::::::::
reasons

:::
for

::::
the

::::::::::::
relationships

::::::::::
observed

::::::
under

:::::::::
conditions

:::
of

:::
low

::::
and

::::
high

::::
RH

::::
can

::
be

:::::::
clearly

:::::::::::
understood. Under low humidity conditions,

:::
RH

:::::::::
condition,

:::::
since

::::
the

:::::::::
significant

:::::::
impact

::
of

:
the contribution of humidity-related physiochemical

processes to the atmospheric particles is relatively low, and
:::::::
regional

::::::::::::::
transportation,

:
the

processes of local emissions, regional transportation, and physiochemical generation

:::::::::
formation

::::::
jointly

:
dominate the concentration of atmospheric particles. Therefore, the

correlation between visibility and the MLH is insignificant because of the contributions of
particlesfrom 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 previous
study (Tang et al., 2015). Increases in relative humidity cause

:
;
:::::
thus,

::::
the

:::::
poor

::::::::::
correlation

::::::::
between

::::
the

:::::
MLH

::::
and

::::::::
visibility

::
is

:::::::::
occurred

::::
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 amount of
:::
RH

:::
is

::::::::::
favourable

::::
for

::::
the

:::::::::
formation

:::
of

:::::::::
particles

:::::
from

::::
the

liquid-phaseand heterogeneously generated chemicals and significant hygroscopic growth
of particles

:
,
::::::::::::::
heterogeneous

:::::::::
reactions

::::
and

::::
the

:::::::::::
hygroscopic

:::::::
growth

::::::::::
processes, and the main

source of particle changes to locally generated
:::::::
primary

:::::::
source

:::
of

:::::::::
particles

:::
will

::::::::
change

::
to

:::::
local

:
humidity-related physiochemical 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 visibility and the MLH under high humidity
characterizes the generation of

:::
the

::::
MLH

::::
and

::::::::
visibility

::::::
under

::::
high

::::
RH

::::::::
indicates

::::
that

:
humidity-

related physiochemical processes as the main
::
is

:::
the

::::::::
primary

:
source of atmospheric par-

ticles under heavy pollution , whereas
::
in

::::::
heavy

:::::::::
pollution

::::
and

:::::
that the dissipation of at-

mospheric particles mainly depends on the vertical diffusion capability, which is domi-
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nated 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

:::::
From

:::
the

:::::::::::::::
aforementioned

:::::::::::
conclusion,

::::
the

:::::
MLH

::::
and

::::
RH

:::
are

::::::::::
extracted

::
as

::::
the

::::
key

::::::::::::::
meteorological

::::::
factors

:::
for

::::
the

:::::::::
evolution

::
of

:::::::
heavy

:::
air

:::::::::
pollution,

::
a

:::::::
finding

::::
that

::
is

::::::::
relevant

:::
to

:::
the

:::::::::::
dissipation

:::
and

::::::::::
formation

::
of

::::
the

:::::::::::
atmospheric

:::::::::
particles.

:::::::::
Because

::
of

::
a
::::::::
sudden

:::::::
change

::
of

::::
the

::::::::::
correlation

::::::::
between

:::
the

::::::
MLH

::::
and

::::::::
visibility

:::::
when

::::
the

::::
RH

::::::::
exceeds

:
80 %

:::::
(Tab.

::::
S1),

::
a
:::::::
critical

:::::::::
threshold

::
of

:::
80 %

::
is

:::::::::::
determined

:::
for

:::
the

::::
RH. To determine the other critical condition

::::::
critical

:::::::::
threshold

for the MLH, we analysed the fitting equation during heavy haze periods when the relative
humidity

:::::
when

:::
the

::::
RH

:
exceeds 80 % and calculated the MLH corresponding to four dif-

ferent degrees of pollution with atmospheric visibility of 2, 3,
::::::
stages

::::
with

::::::::::
visibilities

::
of

::::
10,

5, and 10
::
3,

::::
and

::
2 km . We

::::
(Fig.

:::::
11).

::
It

::
is

:
found that the critical

:::::::::
threshold

::
of

:
MLH for the

four states of
:::::
stage

::::
are

::::::
1209,

:::::
618,

:::::
382,

::::
and

::::
263 m,

::::::::::::
respectively.

:::::
This

:::::::
means

::::
that

::::::
when

:::
the

::::
RH

::
is

:::::::
higher

:::::
than

:::
80 %

:
,
:
slight, light, medium, and heavy haze were

:::
will

:::::
occur

:::::
with

::::
MLH

::::::
lower

:::::
than 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 pollution,
an analysis of the

::::::
factors

:::
for

:::
air

:::::::::
pollution,

:::
the

:::::::
cause

::
of

:::
the

:::::
poor

::::::::
visibility

::
in

::::::::
summer

::::
can

:::
be

::::::::
analysed

::::::::::
according

:::
to

:::
the

::::::::::::::::
aforementioned

::::::::::::
conclusions.

:::
As

:::::::
shown

::
in

:::::::
Figure

::::
7a,

::::::::
summer

:::::::
exhibits

:::::::
higher

:::
RH

::::
and

::::::
lower

:::::
WS.

::::
The

:
meteorological conditions in summer showed that

the relatively low wind speed
:::::
shows

:::::
that

:::
low

::::
WS

:
is a prerequisite for an increase in haze

days and the high relative humidity increases the generation velocity of particles
::::
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,

::::
the

::::::::::
frequency

::
of

::::::
cloud

::::::::
fraction

::
>

::
50 %

::
is

::::
the

:::::::
highest

::
in

:::::::::
summer,

::::
with

::::::::
greater

:::::
than

:::
70 % (Fig. 7a). Once the

:::::
12b).

::::::
When

::::
this

:
cloud fraction

increases, radiation levels will dramatically decline, and the atmospheric MLH will also
decrease

:::::
MLH

::::
will

:::::::::
decrease

::::::::::::
significantly

:
as well. Such conditions cause a

:::::
rapid

:
weak-

ening of the atmospheric diffusion capability and lead to the frequent occurrence of heavy
pollution events with an

:::::
along

:::::
with

:::::
more

:::::
rapid

:::::::::
formation

:::
of

::::::::
particles

::::::
under

:::::
high

::::
RH;

::::::
heavy
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::::::::
pollution

:::
will

::::::
occur

::::::::::
frequently,

:::::
thus

:::::::
leading

:::
to

::::
the enhanced concentration of atmospheric

particles and reduced visibility .
::::::::
particles

::::
and

:::::::::::
decreased

:::::::
visibility

:::::
(Fig.

:::::
12a).

:

4 Conclusions

Continuous high-resolution observations of MLH are required to understand the structure

:::::::::::::
characteristics

:
of the atmospheric mixing layer in the Beijing and North China Plain areas.

In order to
::
To

:
acquire the high-resolution observations of MLH, a study

:::::
using

::
a

::::::::::
ceilometer

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
::::
with

::::::::::::
radiosondes,

:::
we

::::::::::::
determined

:
that the ceilometer underestimates MLH during neutral

:::
the

::::
MLH

:::::::
during

::::::::::::
near-neutral

:
stratification caused by strong winds , whereas it overestimates

:::
and

:::::
that

::
it
::::::::::::::

overestimates
:::::

the
:
MLH during dust crossing. By combining conventional

meteorologicaldata and
::::::::::::::
meteorological,

:
PM2.5:,:and PM10 observational data, we screen

:::::::::
screened the observation results for the MLH, and the

:
;
:::
the

::::::::::
availability

::
of

::::
the

::::::::
acquired

:::::
data

::
is

:::::
close

::
to

:::
80 %

:
.
::::
The

:::::::::
screened

:
ceilometer observations are fairly consistent with the mete-

orological radiosonde profile results. The correlation coefficient is more
::::::::::::
radiosondes,

::::
with

:
a
::::::::::
correlation

::::::::::
coefficient

::::::::
greater 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
:::
and

is of great practical value for future measurements of
:::
the MLH with ceilometers.

The characteristics of variation in the MLH indicate that the MLH in the Beijing area
exhibits the feature of being

::::::
Beijing

::
is

:
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

:::
QH:::::

and
:::::
MLH,

:::::::
which

:::::::::::::
characterises

:
the dominant

role of
::
the

:
radiation in the variations of

:::::::
variation

:::
of

:::
the

::::::
MLH.

:::
In

::::::::
addition,

::::
the

:::::::
diurnal

:::::
cycle

::
in

:::
the

:
MLH . However, the characteristics of diurnal variation in the mixing layer during

summer is
:::
also

:
affected by the circulation of mountainous plain winds. The mountainous

wind in summer causes
:
a
::::::::
gradual

:::::::
decline

::
in

:
the mixing layer at nightto gradually decline,
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which suppresses the development of the mixing layer
::
its

::::::::::::
development

:
before noon, and

the prevalence of plain winds after noon causes the mixing layer to increase rapidly
::::
plain

::::
wind

:::::
after

:::::
noon

:::::::::::
contributes

:::
to

:::
the

:::::::::
increase

::
in

::::
the

:::::
MLH. Therefore,

::::::::::
compared

::::
with

:::::::
spring,

the mountainous plain winds leads to the
::
in

::::::::
summer

:::::
lead

::
to

::
a
:
concave-down variation in

the fast development stage of the mixing layer in summer compared to the spring
:::
the

::::
fast

::::::::::::
development

:::::
stage.

By applying visibility as the
:::
an index for the classification of atmospheric pollution degree

::::::
degree

:::
of

::
air

:::::::::
pollution, it is found that in comparison with a clear day, the variation of sensible

heat
::::
clear

::::::
days,

:::::::::
changes

:::
in

:::
the

::::
QH:

and buoyancy term in TKE of a slight haze day is
insignificant , and the reduction of shear term in TKE is significant

:::
are

::::::::::::
insignificant

:::
on

:::::
slight

::::
hazy

::::::
days,

:::
but

::
a
:::::::::
reduction

:::
in

:::
the

::::::
shear

:::::
term

::
is

::::::::
obvious; in comparison with the slight haze

day
:::::
slight

:::::
hazy

::::::
days, the variation of

:::
the

:
shear term in TKE of medium and heavy haze

days is insignificant, and the declination of sensible heat and
:::
but

:::
the

:::::::::
declines

::
in

::::
QH::::

and

:::
the

:
buoyancy term in TKE is

:::
are

:
significant. At a

:::
the

:
slight pollution stage, the degree of

atmospheric pollution is essentially not related to the MLH and the pollution degree
::
air

::::::::
pollution

::::
has

:::::::
nothing

:::
to

::
do

:::::
with

:::
the

:::::
MLH

::::
but depends on the horizontal diffusion capability

as affected by the horizontal wind speed. At the heavy pollution stage, the pollution degree

::
air

:::::::::
pollution 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 correla-
tion between them is significantly enhanced as the relative humidity

:::::
when

::::
the

:::
RH

:
increases.

The high correlation between visibility and the MLH under high humidity characterizes the
generation of

:::
the

:::::
MLH

::::
and

::::::::
visibility

::::::
under

:::::
high

:::
RH

:::::::::
indicates

::::
that

:
humidity-related physio-

chemical processes as the
::
is

:::
the

::::::::
primary source of atmospheric particles under heavy pol-

lution, whereas the dissipation of atmospheric particles mainly depends
::::::::
depends

::::::::
primarily

on the vertical diffusion capability, which is dominated by the atmospheric MLH.
The aforementioned results provide reliable basic data for better portraying the structure

of the boundary layer and improving the parameterization scheme
::::::::::::::::
parameterisations

:
of the

boundary layer in meteorological models. Studies on
:
of

:
the atmospheric mixing layer and

its thermal dynamic structure under different degrees of
::::::::::
parameters

:::
at

::::::::
different

:::::::
stages

::
of
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::
air

:
pollution reveal the critical meteorological conditions underlying

::::::
factors

:::
for the formation,

evolution, and dissipation of atmospheric heavy pollution, and provide a scientific basis
::::
thus

::::::::
providing

::
a
:::::::
useful

:::::::::
empirical

:::::::::::
information for improving atmospheric chemistry models and

the forecasting and warning of atmospheric
:::
air pollution.
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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 116.37, 39.97
:::::::
116.372,

:::::::
39.974 CL31 15 Jul 2009–31

:::::::
2009–16

:
Dec 2012 10 min

PM2.5,PM10 15 Jul 2009–31 Dec 2012 60 min
Tower-based meteorology 15 Jul 2009–31 Dec 2012 5

::
30 min

ZBAA 116.28, 39.48
:::::::
116.282,

:::::::
39.484 Weather balloons 15 Jul 2009–31 Dec 2012 1 per week at 14:00 LT

Weather balloons 1 Jan 2012–31 Dec 2012 08:00 and 20:00 LT
Ground-based meteorology 15 Jul 2009–31 Dec 2012 30 min
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Table 2.
::::::::
Statistics

::
of

:::
the

:::::::::::::::
thermal/dynamic

::::::::::
parameters

:::::::::
according

::
to

:::::::
visibility.

::::::::::
Parameters

:::::
Clear

::::
days

:::::
Slight

:::::
haze

::::
Light

:::::
haze

:::::::
Medium

:::::
haze

::::::
Heavy

::::
haze

:

:::
Vis

::
≥

::
10 km

:
5 km

::
≤

:::
Vis

::
<

::
10 km

:
3 km

::
≤

:::
Vis

::
<

:
5 km

:
2 km

::
≤

:::
Vis

::
<

:
3 km

:::
Vis

:
<

:
2 km

:::
WS (m s−1

:
)

::
3.8

: :::
2.5

:::
2.1

:::
2.0

::
1.8

:

:::
RH

:
(%)

: :::
43.3

: ::::
63.1

::::
73.4

::::
79.6

::::
86.4

:

::::
MLH (m)

: :::
664

: ::::
671

::::
586

::::
430

:::
320

:

:::
Q∗

:
(W m−2

:
)
: :::

77.6
: ::::

74.6
::::
63.9

::::
53.6

::::
32.8

:

:::
QH:

(W m−2)
: :::

20.4
: ::::

19.7
::::
15.2

::::
12.8

::
7.8

:

:::
QE :

(W m−2)
: :::

18.7
: ::::

19.9
::::
21.5

::::
18.8

::::
19.8

:

::
u∗:(m s−1

:
)

:::
0.45

: ::::
0.32

::::
0.28

::::
0.26

::::
0.23

:

:
e
:
(m2 s−2)

:::
0.99

: ::::
0.64

::::
0.56

::::
0.52

::::
0.46

:

:::
BT

:
(
:
×

::::
10−3 m2 s−3

:
)

:::
0.67

: ::::
0.64

::::
0.49

::::
0.39

::::
0.24

:

:::
ST

:
(
:
×

::::
10−3 m2 s−3

:
)

:::
1.02

: ::::
0.66

::::
0.37

::::
0.26

::::
0.23

:

::::
WS:

::::
wind

::::::
speed;

::::
RH:

:::::::
relative

::::::::
humidity;

:::
Q∗:

:::
net

:::::::::
radiation;

:::
QH:

::::::::
sensible

:::::
heat;

:::
QE:

:::::
latent

:::::
heat;

:::
u∗:

::::::
friction

:::::::
velocity;

::
e:

::::
TKE

:::
per

::::
unit

::::::
mass;

:::
BT:

:::::::::
buoyancy

::::
term

::
in

:::::
TKE;

:::
ST:

:::::
shear

:::::
term

::
in

:::::
TKE.
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Figure 1. Topography and the observation sites.
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Figure 2. The comparison
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Comparison of MLH between radiosondes and the ceilometer according

to visibility for convective (a) and stable (b) states,
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the
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::::::
refers

::
to
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the

:::::
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Figure 3. The comparison
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Comparison of MLH between radiosondes and the ceilometer according

to humidity
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RH

:
for convective (a) and stable (b) states.
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Figure 4. The comparison
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Comparison of MLH between radiosondes and the ceilometer according

to vector winds
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wind

:::::::
vectors for convective (a) and stable (b) states.
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Figure 5. The virtual
::::::
Virtual potential temperature and wind speed (a), and ozone and backscatter

gradients (b) at 14:00 LT on 29 December 2009 in Beijing.
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Figure 6. The comparison
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Comparison

:
of MLH between the ceilometer and radiosondes for con-

vective (a) and stable (b) states.
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Figure 7. Monthly variations in the effective rate, wind speed, and relative humidity (RH ) (a), and
MLH and total radiation flux (b) in Beijing.
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Figure 8. The correlation
:::::::::
Correlation between the sensible heat and MLH in Beijing.
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Daily

:
variations in MLH in spring and summer (a), seasonal wind vectors at
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Figure 10. The variations
::::::::
Variations

:
in net radiation, relative humidity (RH), and wind speed (a),

MLH, sensible and latent heat (b), TKE
:::
per

:::
unit

:::::
mass, and fraction

::::::
friction velocity (c), and buoyancy

and shear term in TKE (d) according to different visibilitylevels.
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Figure 11. Monthly variations in visibility and ventilation coefficients (a) and the correlation

:::::::::
Correlation

:
between the MLH and visibility according to the relative humidity (RH ) (b) in Beijing.
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Figure 12.
:::::::
Monthly

::::::::
variations

:::
in

:::::::
visibility,

:
PM2.5,

::::
and

::::::::::
ventilation

::::::::::
coefficients

:::
(a)

::::
and

:::::::::
frequency

::
of

:::::::
visibility

:
<

::
10 km,

::::
and

:::::
cloud

:::::::
fraction

::
>

::
50 %

::
(b)

::
in

:::::::
Beijing.
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Response to comments by referee 1 
 
We would like to thank you for your comments and helpful suggestions. We revised 
our manuscript according to these comments and suggestions. 
 
Specific comments: 
The paper deals with the determination of the MLH over Beijing during more than 3 
years from ceilometer measurements and its correlation with pollution classes (clear 
days, slight, light, medium and heavy haze). Most of the paper is devoted to a 
meteorologically based discussion why the correlations are as they are. This is 
certainly a positive feature of the paper as often just statements are given without any 
critical scrutiny. The authors consider a variety of parameters derived from different 
measurements (e.g., meteorological tower), so the discussion is quite elaborated. 
However, the readability is often very difficult because a separation of very long 
sections into different paragraphs is missing, information is only put into words where 
a table would be helpful, and often it is difficult to follow because the expressions are 
not clear but unnecessarily complex or in bad English. Consequently, it is sometimes 
hard to check the validity of the authors’ conclusions. 
Thus, I strongly recommend to make the text more concise, to clarify statements, to 
delete redundancies and to improve its consistency. And ask a native speaker or a 
professional office for improving the language. If this is provided (implying major 
revisions) the paper can be foreseen for publication. A few suggestions and technical 
comments (in chronological order, not ordered in terms of importance) for 
improvements are made below, but it is not possible to review/amend every single 
expression or sentence. 
 
Responses： 
Thank you for your kindly comments and suggestions. We are sorry for the bad 
presentation in our manuscript. In the revised version of our manuscript, several long 
paragraphs were separated into some small parts or rephrased concisely. We deleted 
some redundancies and adjusted the sequences of the sentences to make the 
manuscript more fluent. Afterwards, a native speaker polished our manuscript to 
make the language better for the reader. 
 
Specific comments： 
Question 1 
(28251,7): 
"The height to which the atmospheric mixing layer extends is the mixing layer height 
(MLH)". This sentence is more or less trivial and does not help to explain 
Response 1 
Thank you for your suggestions. We have deleted this sentence. 
 
Question 2 
• (28251,11): 



"gradients" →"concentration" 
Response 2 
Thank you for your suggestions. We have fixed it. 
 
Question 3 
• (28251,22): 
"1000 m": is this really true, this value seems to be extremely large 
Response 3 
Thank you for your suggestion. We are sorry for the misunderstanding. We have 
deleted “to 1000m” in the revised manuscript. 
 
Question 4 
• (28251,23): 
"...even the hourly observations...": which data set is meant here? Or should it be 
something like "even if hourly observations would be available they would not 
provide a sufficient temporal resolution"? Please clarify. 
Response 4 
Thank you for your suggestion. We have revised it as follows. 
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 MLH evolution (Seibert et al., 2000). 
 
Question 5 
• (28251,24): 
I would not mention airborne measurements because they cannot provide routine 
measurements. They can only be used for case studies. 
Response 5 
Thank you for your suggestion. Absolutely airborne measurement is not a routine 
measurement for the mixing layer height. However, as for the introduction, I think we 
should show the reader all the measurements to observe the mixing layer height. 
 
Question 6 
(28252,4): 
"light intensity detection and ranging": delete "intensity" 
Response 6 
Thank you for your suggestion. We have deleted all the acronyms because the names 
of the measurements are well known. 
 
Question 7 
• (28252,5): 
for consistency reasons replace "Doppler radar" by "radar" and explain the acronym. 
Or do not explain all acronyms (sodar, lidar and radar are well known)! 
Response 7 



Thank you for your suggestion. We have deleted all the acronyms because the names 
of the measurements are well known. 
 
Question 8 
• (28252,7): 
delete "variations in" 
Response 8 
Thank you for your suggestion. We have fixed it. 
 
Question 9 
• (28252,14): 
"visible light band": many lidars operate in the UV and NIR, i.e. not visible. 
Response 9 
Thank you for your suggestion. We have deleted this sentence. 
 
Question 10 
• (28252, 17): 
"Wind radar is easily interfered by clouds, and the observational height is limited 
under cloudy conditions." This sentence does not fit here (previous and next sentence 
is on lidar). By the way: the lidar range is also limited in the presence of clouds. 
Response 10 
Thank you for your suggestion. We have adjusted the sequence of the sentences. By 
the way, we have revised the sentence about the wind rader as follows. 
The lowest detection height of wind radar is normally above 200 m, 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). 
 
Question 11 
• (28252,24): 
"...the eye-safe ceilometers..." This is a feature of all ceilometers, not only of 
Vaisala-ceilometers. This sentence must be more general, you can cite the AMT paper 
(Earlinet special issue) on the benefit of ceilometers. 
Rersponse 11 
Thank you for your suggestion. We have deleted “Vaisala”. We really thank you for 
your suggestion of the AMT paper, and we have read these carefully and added some 
references here and elsewhere. 
 
Question 12 
• (28253,11): 
"...and the atmospheric stratification is stable..." Is this in contrast to the findings on 
(28255,24) where the authors find "only" 540 out of 800 cases to be stable? 
Response 12 
Because we acquired a lot of data during 8:00 and 20:00 LT but less data during 14:00 
LT, the number of samples in stable condition is much more than that in convective 



conditions. In this section, the atmospheric stratification is stable during heavy 
pollution episodes. In order to clarify this sentence, we have revised as follows. 
Previous studies of Beijing have indicated that visibility declines dramatically 
when the concentration of particles increases; the weather conditions typically 
include high relative humidity (RH), stable atmospheric stratification, and low 
wind speed (WS) with a southern flow (Ding et al., 2005; Liu et al., 2014; Zhang 
et al., 2015). 
 
Question 13 
(28253,22): 
The citations "He and Mao, 2005; Yang et al., 2005;..." should be moved to line 20: 
after "during heavy pollution periods". At the present position it might be confusing. 
Response 13 
Thank you for your suggestion. We have fixed it. 
 
Response 14 
• (28254,1): 
"variation characteristics" → "temporal development" 
Response 14 
Thank you for your suggestion. We have fixed it. 
 
Question 15 
• (28254,1): 
"3 years"? In the previous sentence it was "3 years and 5 months" (whereas "July of 
2009 to December of 2012" is 3 years and 6 months) 
Response 15 
Exactly, the observation started from 15th July 2009 and ended on 16th December 
2012. If we calculated the observation period using the number of days, it should be 3 
years and 5 months. However, we think you are right. We should use 3 years and 6 
months in order to eliminate the misunderstanding. 
 
Question 16 
• (28254,19): 
39.97: Give all geographical coordinates with 3 or 4 decimal places 
Response 16 
Thank you for your suggestion. We have fixed it. 
 
Question 17 
• (28254,22): 
"...attenuated backscatter coefficient profile of atmospheric aerosols..." This is not 
exactly true as water vapor absorption occurs (there are similar expressions elsewhere 
in the paper). 
Response 17 
Thank you for your suggestion. The attenuated backscattering coefficient is not the 



same as aerosol concentrations, which is influenced by the water vapor absorption 
(Wiegner et al., 2014). Therefore, we have revised this mistake in proper words in the 
manuscript according to your suggestions. The revisions mainly include removing the 
word “aerosol” and adding some descriptions about the observed deviations due to 
water vapor absorption. 
 
Question 18 
• (28255,5): 
How is radiation measured by "ultrasonic anemometers"? Use clear descriptions! 
Response 18 
I am sorry for our mistakes. I have added some sentences to clarify the mistakes. 
Please see as follows.  
The thermodynamic parameters (sensible heat, latent heat, friction velocity, etc.) 
and the total (285-2800 nm) and net (0.2-100 µm) radiation during the same 
period were observed using ultrasonic anemometers (CSAT3, Campbell 
Scientific, USA ), a pyranometer (CM11, Kipp & Zonen, Netherlands) and a net 
radiometer (NR Lite2, Kipp & Zonen), respectively. All of these data were 
obtained on the meteorological tower at a height of 280 m and processed with a 
resolution of 30 min. A detailed description is provided by Hu et al. (2012) and 
Song and Wang (2012). 
 
Question 19 
• (28255,8): 
PM2.5 and PM10 were measured at the ground? 
Response 19 
Yes, the observations of particles were setup on the ground. We have added some 
descriptions about the observations as follows. 
To identify the sand-dust crossing, the ratio of PM2.5 and PM10 was used as an 
index. If there was no sand-dust crossing, the ratio of PM2.5 to PM10 might 
almost exceed 50% (Liu et al., 2014). A sudden decrease in the ratio to 30 % or 
lower and PM10 concentration higher than 500 µg m-3 usually indicate a 
sand-dust crossing. The ground observations of PM2.5 and PM10 during the same 
period were made by the ambient particulate monitor (RP1400a, Thermo Fisher 
Scientific, USA). The data were acquired at a time resolution of 5 min and 
processed with a resolution of 60 min. A detailed description is provided by Liu 
et al. (2014). 
 
Question 20 
• (28255,26): 
"...visibility at station..." How is this measured? How accurate are these numbers? It 
would help to have this information as it is of importance for subsequent sections of 
the paper. 
Response 20 
Thank you for your suggestion. The visibility was measured in ZBAA site using the 



visibility sensor (PWD12, Vaisala, Finland) with an accuracy of ±10%. 
 
Question 21 
(28255,27): 
"...of Wyoming Engineering University (http://weather.uwyo.edu)." Give a more 
precise URL and name of the institution. Maybe it can be added to the 
acknowledgements. 
Response 21 
Thank you for your suggestion. We have revised as follows.  
Visibility at station ZBAA, which was obtained from the Department of 
Atmospheric Science, College of Engineering, University of Wyoming 
(http://weather.uwyo.edu/surface/meteorogram/), was measured by a visibility 
sensor (PWD12, Vaisala, Finland) with an accuracy of ±10%. 
 
Question 22 
• (28256,3): 
"is relatively long and" can be deleted. 
Response 22 
Thank you for your suggestion. We have fixed it. 
 
Question 23 
• (28256,7): 
"...backscatter coefficient profile of atmospheric particles". delete: "of atmospheric 
particles" 
Response 23 
Thank you for your suggestion. We have fixed it. 
 
Question 24 
• (28256,9): 
"...we use the gradient method": It should be outlined whether the Vaisala firmware is 
used or own retrievals have been developed. Especially in the latter case the retrieval 
should be explained in 2–3 sentences. What is the lowermost level, where the MLH 
can be detected? Is an overlap correction applied? 
Response 24 
Thank you for your suggestion. We have added some explanations according to your 
suggestion as follows. 
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 beyond. Additional features of this 
algorithm, which is used in the Vaisala software product BL-VIEW, are cloud 
and precipitation filtering and outlier removal. 
 
Question 25 
• (28256,13): 



"...spatial and temporal averaging...": give typical values. 
Response 25 
Thank you for your suggestion. We have revised it, please see the response 24. 
 
Question 26 
• (28256,19): 
"convective state": delete "state" 
Response 26 
Thank you for your suggestion. We have fixed it. 
 
Question 27 
• (28256,21): 
"variations" → "profiles" 
Response 27 
Thank you for your suggestion. We have fixed it. 
 
Question 28 
• (28257,8): 
"and the results were evaluated." I believe that can be deleted too. 
Response 28 
Thank you for your suggestion. We have fixed it. 
 
Question 29 
(28257,11): 
delete "of atmospheric particles" 
Response 29 
Thank you for your suggestion. We have fixed it. 
 
Question 30 
• (28257,3): Section 3.1 
If a "verification" shall be provided it must be defined what is considered as "truth". It 
seems that the radio soundings are used as reference. This should be clearly stated. 
Another important aspect is that it is not clear what the "error" of the ceilometer data 
is (backscatter profile? MLH-determination?, relative error? Absolute error?...). This 
must be clarified at different places of the manuscript. 
Response 30 
Thank you for your suggestion. We used radiosondes as reference as you said. The 
error introduced in the manuscript is absolute error, and we have clarified it in the 
revised manuscript. We have revised the manuscript according to your suggestion as 
follows. 
Previous studies with ceilometers did not resolve issues concerning the 
applicability of ceilometers in Chinese areas with high aerosol concentrations. 
According to the methods described in Sect. 2.1.2, 260 and 540 effective 
observation samples were obtained for the stable and convective states, 



respectively. The MLH data acquired by meteorological radiosondes and by 
ceilometer were compared for the two types of weather conditions (Fig. 2). Using 
the MLH calculated from the radiosondes as a reference, the results showed that 
the MLH observed by the ceilometer was overestimated or underestimated in a 
portion of the samples. 
 
Question 31 
• (28257,10): 
The whole sentence starting with "Because the ceilometer determines..." is not clear. 
What is the measurement error? How is it determined? This has to be explained in 
Section 2.2.1. Give a reason why the error increases when the concentration is low? 
Response 31 
Thank you for your suggestion. We have revised it as follows.  
Because the ceilometer determines the MLH by measuring the attenuated 
backscatter profile, if the concentration of atmospheric particles is relatively low, 
it will be difficult to determine the MLH based on a sudden change in the 
backscatter profile, and use of this method will lead to a higher absolute error 
(AE) of the measured MLH (Eresmaa et al., 2006; Munoz and Undurraga, 2010). 
When taking the visibility into account, we found that the underestimations of 
the observed MLH always occurred when visibility was good. However, there 
were still a number of samples that had low AE under conditions of good 
visibility (Fig. 2). Consequently, clear days with good visibility are not the main 
reason for underestimation of the observed MLH. 
 
Question 32 
• (28257,14): 
"An analysis...". The sentence is not clear at all, must be re-phrased. If "visibility" is 
introduced here: where does this information comes from? What is "high" and "low" 
visibility? How is it measured? What is its accuracy? 
Response 32 
Thank you for your suggestion. We have rephrased this paragraph. Please refer to 
response 31. 
As for the visibility, please see the response 20. 
 
Question 33 
• (28257,19): 
"...predict underestimations". See remark to (28257,3). What is the reference? 
Response 33 
Thank you for your suggestion. We have rephrased this paragraph, please see the 
response 31. 
 
Question 34 
• (28257,22): 
A bi-level structure (two layers are meant?) could be better seen if the attenuated 



backscatter profile is added to Fig. 2b. 
Response 34 
Thank you for your suggestion. A bi-level structure is meant two layers, but the two 
layers structure can only be observed by the radiosondes. We cannot acquire the two 
layers structure because of the sand-dust crossing. This is the main reason that the 
overestimations of the MLH during sand-dust crossing. In order to clarify this 
question, we used the calculated backscatter gradients to explain this overestimation, 
and rewrite this paragraph as follows. 
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 virtual potential 
temperature and the WS begin to increase; the ozone concentration is 
transported from the background area, where ozone is present at approximately 
40 ppbv. However, the ceilometer recorded a higher MLH at approximately 1600 
m, where there was a sudden change in the backscatter gradient. When we 
measured the PM2.5/PM10 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 concentrations became uniform below 1600 m. This 
led to a sudden change in the backscattering gradient at 1600 m and made it 
difficult to identify the real MLH at 1100 m; thus, an erroneously high MLH was 
determined. This result shows that sand-dust crossing is the main reason for the 
overestimations (Figs. 2 and 5). 
 
Question 35 
• (28258,26): 
What is the "variation rate"? 
Response 35 
Thank you for your suggestion. We have deleted “the variation rate”. 
 
Question 36 
• (28258,28): 
It is not clear to which data points in Fig.2 the PM2.5/PM10 labels belong to. This 
must be clear, maybe by giving only the numbers without "PM2.5/PM10". 
Response 36 
Thank you for your suggestion. We have fixed it in Figure 2. 
 
Question 37 
• (28259,5ff): 
Do I understand correctly what has been done? The authors identify cases, where the 
MLH from the ceilometer strongly differs from the radio sounding (under- and 
overestimates). These cases (and as a consequence specific meteorological conditions 
as e.g. cold air masses and dust occurrence) are excluded from the further 
investigation. An alternative approach would have been to try to correct the MLH 
from the ceilometer to consider an unbiased data set of meteorological situations. I 



recommend to revise the whole paragraph to make absolutely clear what have been 
done. 
Response 37 
Thank you for your suggestion. You are right. We have revised this paragraph as 
follows. 
For underestimations, the meteorological data were used to eliminate 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 (CMA, 2012, 2013, 2014, 2015). If there was no sand-dust 
crossing, the ratio of PM2.5 to PM10 might almost exceed 50% (Liu et al., 2014). A 
sudden decrease in the ratio to 30% or lower usually indicates a sand-dust 
crossing. Using this principal, the exact times of sand-dust starting and ending 
were determined as the times at which the ratio of PM2.5 to PM10 suddenly 
decreased or increased, respectively. Finally, the data obtained during the 
sand-dust periods were eliminated. After the screening process, the 
post-elimination ceilometer data and meteorological radiosondes are strongly 
correlated, with a correlation coefficient greater than 0.9, demonstrating the 
effectiveness of the elimination method (Fig. 6). Consequently, the elimination 
results are good. This method replaces the time-consuming method of filtering 
the data manually and is of great practical value for future measurements of 
MLH with ceilometers. 
 
Question 38 
• (28259,10): 
"sand-dust weather almanac": What is this? 
Response 38 
The sand-dust weather almanac is like a statistic yearbook published every year. The 
main contents are the records of the sand-dust, which includes the time period, area 
and intensity of the sand-dust. In order to clarify this problem, we added the 
references in the revised manuscript. 
 
Question 39 
• (28259,15): 
delete "and manipulability" (I don’t know, what is meant) 
Response 39 
Thank you for your suggestion. We have fixed it. 
 
Question 40 
• (28259,22): 
What is meant by "high-quality..."? 
Response 40 
Because of the problems of the communication between CL31 and the data receiver, 
the data of CL31 was always interrupted during July to October 2009. The data from 
December 2009 to November 2012 were continuously observed. Therefore, the data 



during this period were selected to do the analysis. 
 
Question 41 
• (28259,24 and 26): 
"effectiveness of the data" → "availability..." 
Response 41 
Thank you for your suggestion. We have fixed it. 
 
Question 42 
• (28259,26 – 28260,5): 
Are these correlations an independent result or a consequence of the filtering process 
described in the previous section? 
Response 42 
The results were a consequence of the filtering process described in the previous 
section. 
 
Question 43 
• (28260,8): 
"The monthly average maximum for the daily minimum MLH": is this the "maximum 
of the monthly average of the daily minimum"? 
Response 43 
Thank you for your suggestion. We have fixed it. 
 
Question 44 
• (28260,16): 
What are "platform periods"? 
Response 44 
Thank you for your suggestion. We have added some explanations about the platform 
and transition periods as follows. 
As shown in Fig. 7b, two platform periods (from March to August and from 
October 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 500 m, and it is similar from March to August at 
approximately 700 m. February and September are the two transitional months 
and have values of approximately 600 m. 
 
 
Question 45 
• (28260,17): 
Here, MLH are rounded and numbers like 600 m, 700 m are given. This does not fit to 
numbers like 351 m given previously; later (28264) heights are even given with one 
decimal place (this is nonsense with respect to any meteorological application). Please 
give all numbers in a consistent way. It would be worthwhile to add the variability of 
each height (each number is an average over almost 100 values [3 years, 31 days]). 



What about the inter-annual change of the monthly means? 
Response 45 
Thank you for your suggestion. We are sorry for the misunderstandings. The numbers 
like 600 and 700m are not exact numbers like the other numbers. We just want to 
show the reader the MLH are consistent from March to August. In order to eliminate 
the misunderstanding, we have added “approximately” before these numbers. 
Thank you for your suggestion about the variability of each MLH. We have added the 
variability in the revised manuscript.  
From the figure as follows, you can see the inter-annual change of the monthly mean. 
It is very similar in different years, and no inter-annual trend can be found. Therefore, 
we used the averaged seasonal variation to do the analysis. 

 

Figure S2 Monthly variations of MLH from December 2009 to November 2012 in 
Beijing. 
 
Question 46 
• (28260,26): 
The "total radiation flux" should be defined: is total referring to the spectral range? 
Response 46 
Thank you for your suggestion. The total radiation flux was observed by CM11 (Kipp 
& zonen, Delft, Netherlands). The spectral range was 285-2800nm. We have added 
some description in the methodology section about this. 
 
Question 47 
• (28260,29): 
"has determined seasonal variations in the MLH, because more data were eliminated 
for winter and spring,..."’. If this is true, the evaluation is somewhat questionable 
because the results should not depend on the sampling but on meteorological 
conditions. Please comment on this. 
Question 48 
• (28261,2): 
"... winter and spring seasons are likely underestimated." This conclusion should be 



explained in a convincing way. 
Question 49 
• (28261,3): 
"To avoid the influence of data elimination on the study, ...". This is certainly a good 
idea (see comment on 28260,29), but it is not clear how the determination of the 
correlation with the sensible heat helps. By the way: if the sensible heat is determined 
at several heights, it should be clarified here, which heights are meant. 
Response 47, 48 and 49 
I am sorry for the misunderstanding. We have revised this paragraph as follows. 
Other researchers have suggested that the seasonal variation in MLH may be 
related to radiation flux (Kamp and McKendry, 2010; Munoz and Undurraga, 
2010), but our study was entirely consistent. As shown in Fig. 7b, although 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 MLH. 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 reasons for the MLH variations, we use the 
daily mean instead of the monthly mean to do the analysis. As the simple 
framework in which we can analyse the MLH variations in Beijing, we consider 
the thermodynamic model of the mixing layer growth (Stull, 1988), as follows: 
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      (6) 

where zi is the MLH (m), t is the time (s), θs is the virtual potential temperature 
near the ground (K), θz is the virtual potential temperature in the top of the 
mixing layer (K), and γ is the lapse rate of the virtual potential temperature (K 
m-1). Suppose the heat from the ground is the only way to warm the mixing layer 
and the heat flux at height zi is zero, then the MLH is related to ࢙ࣂ′ܟᇱതതതതതത . 
Considering that QH is defined as equation (1), MLH is correspondingly related 
to QH. Therefore, the relationship between daily changes in the QH at 280 m and 
MLH was analysed. The results showed that the average QH 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 QH, QE, and soil heat flux 
(QG) given as follows (Stull, 1988): 

∗ࡽ ൌ ࡴࡽ ൅ ࡱࡴࡽ ൅  (7)         ࡳࡽ
the strong correlation between the QH and MLH proves the dominant role of 
radiation in the variation of MLH (Fig.~8). This proves the dominant role of 
radiation in variation of MLH (Fig. 8). 
 
Question 50 
• (28261,16) 
Why are only spring and summer discussed. What about the other seasons? 
Response 50 
The daily MLH range is 728, 828, 562, and 407m for spring, summer, autumn and 



winter, respectively. The relatively low ranges in autumn and winter have obvious 
relationship with the low radiation flux. But it should be noted that summer has the 
lower radiation with a larger daily range than spring. Therefore, our study will 
emphasize on the reasons for the differences of the daily MLH ranges in summer and 
spring. By the way, we added the diurnal variations of winter and autumn in the 
supplement materials.  

 
Figure 2 Diurnal variations of MLH in different seasons in Beijing 

 
Question 51 
• (28261,21) 
"..only reaches 102 m/h..": is the difference to 114 m/h really significant? It seems to 
be within the error margins. Please discuss briefly. 
Response 51 
Thank you for your suggestion. The daily MLH range is 728, 828, 562, and 407m for 
spring, summer, autumn and winter, respectively. It is a significant difference 
between spring and summer for the daily range. After calculating the growth rate of 
MLH for each day, we do the T tests between the growth rate in spring and summer 
and find that the differences in the growth rates are significant (P<0.05).  
 
Question 52 
• (28261,22) 
Here, the findings are discussed in terms of time (hours), previously four stages are 
introduced. It seems to be more consistent to use these terms here again. 
Response 52 
Thank you for your suggestion. Although the four stages are the same with that 
introduced before, the mountain-valley winds intersect the fast development stage into 
two parts. From 9:00 to 12:00 LT, the mountainous winds dominate Beijing, while the 
valley winds dominate Beijing after 12:00 LT. In order to interpret the influence of 
the mountain-plain winds, more precise stages should be pull-in. 
 
Question 53 
• (28261, 24): 
"...convex variation characteristics...": there should be a better description, the present 



text is not clear. 
Question 54 
• (28263, 5–6): 
".. the air space from near surface to 300 m...": should be re-phrased, maybe just 
"troposphere below 300 m". 
Question 55 
• (28263, 18): 
"...concave-down curvature...": there should be a better description. 
Response 53, 54 and 55 
Thank you for your suggestion. As shown in Fig. 9c, the mountainous winds are 
emerged at 02:00 LT during night near the ground, and then the influence of 
mountainous winds extend in the vertical direction. At 08:00 LT, troposphere below 
300m is dominated by the mountainous winds.  
In order to make this section clearer, we revised this section thoroughly as follows. 
Although the daily average MLH is similar in spring and summer, the diurnal 
cycle exhibits obvious differences (Fig. 9a). At night-time in spring, the MLH is 
high and almost constant, whereas at night-time in summer, the MLH shows a 
gradual decreasing trend. After sunrise and before 12:00 LT, the rate of increase 
in the MLH is relatively high in spring, reaching 114 m/h, whereas the rate in 
summer is relatively low, 102 m/h. Between 12:00 and 14:00 LT in spring, the 
rate of increase in the MLH is 119 m/h, whereas in summer the rate of increase is 
significantly enhanced, reaching 165 m/h. These changes reflect the convex and 
concave characteristics during the development stage of the MLH in spring and 
summer, respectively. 
According to the description in Sect. 3.2, variations in the MLH should exhibit a 
good linear relationship with the amount of radiation. Thus, the higher daily 
MLH range with lower radiation in summer is difficult to explain, suggesting 
that there are other reasons for this phenomenon. The development of MLH is 
mainly related to the turbulent energy and the production of the turbulent 
energy is closely related to two components: the heat flux caused by radiation 
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1988). Because the seasonal variation in heat flux is difficult to explain according 
to the aforementioned criteria, 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 9b shows that 
there is obvious seasonal variation of the wind vector in Beijing. Winter is 
dominated by a northwest wind, and spring typically exhibits a northwest wind 
in the morning and a southwest wind in the afternoon. What matters most is the 
alternation between the mountainous winds that begin at 03:00 LT at night and 
the plain winds at 12:00 LT in the afternoon that begins to occur in summer. In 
September, the circulation of mountainous plain winds starts to weaken, and this 
circulation disappears in November.  



Beijing is affected by the Siberian High in winter and spring; at these times, a 
strong prevailing northwest wind with dry air mass always occurs. However, the 
northward lift and westward intrusion of a subtropical high in summer causes 
the southern 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 meteorological 
systems in the summer, the local mountainous plain winds are superimposed on 
the southern air flow, and these two systems jointly affect the meteorological 
characteristics of the North China Plain. 
With the 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; 
this is called the downslope wind or cold drainage flow. The cold air flows into 
the plain and accumulates in a cold pool, increasing the thickness of the 
inversion layer, and the thickness of the mixing 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 southwest gradually 
dominates and is maintained until approximately 03:00 LT in the morning of the 
next day. According to Fig. 9c, from 03:00 LT to 12:00 LT in summer, the 
troposphere below 300 m gradually cools from low to high due to the cold 
drainage flow in the northeast direction, and the MLH exhibits a gradually 
decreasing trend from 03:00 to 06:00 LT. However, this trend does not occur in 
spring (Fig. 9a). Similarly, between 09:00 and 12:00 LT in summer, the cold 
drainage flow suppresses 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 14:00 LT. 
In summary, the mountainous wind in summer causes the mixing layer to decline 
gradually at night; this also 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, compared to spring, the regional circulation 
in summer produces a concave-down variation in the rapid development stage of 
the MLH in summer. 
 
Question 56 
• (28265, Eq. 1): 
Every symbol must be defined. 
Response 56 
Thank you for your suggestion. We have added other equations and add the 
explanations of each symbol in the revised manuscript. 
 
Question 57 
• (28264-28265): 
All numbers listed here should be summarized in a table for the different visibility 



classes. This table should also include the definition of the classes (name, v-range). 
Then, it would be much easier to follow the arguments of the authors because the text 
is better to read. As a consequence the whole text can be rephrased to be absolutely 
concise. Don’t use MLH with decimal places! Check if there is no confusion between 
"slight haze" and "light haze". 
Response 57 
Thank you for your suggestion. We have summarized a table to make this section 
clear and concise. Slight haze is a condition better than light haze, the corresponding 
visibility are 5km≤Vis<10km and 3km≤Vis<5km for slight and light haze, 
respectively (CMA, 2010). 
Table 2 Statistics of thermos/dynamic parameters according to different visibility 

 Clear day Slight haze Light haze  Medium haze Heavy haze 
 Vis≥10km 5km≤Vis<10k

m 
3km≤Vis<5km 2km≤Vis<3km Vis<2km 

WS(m/s) 3.8 2.5 2.1 2.0 1.8
RH(%) 43.3 63.1 73.4 79.6 86.4
MLH(m) 664 671 586 430 320
Q*(W/m2) 77.6 74.6 63.9 53.6 32.8
QE(W/m2) 18.7 19.9 21.5 18.8 19.8
QH(W/m2) 20.4 19.7 15.2 12.8 7.8
ē(m2/s2) 0.99 0.64 0.56 0.52 0.46
u*(m/s) 0.45 0.32 0.28 0.26 0.23
BT(m2/s3) 0.67 0.64 0.49 0.39 0.24
ST(m2/s3) 1.02 0.66 0.37 0.26 0.23

WS: wind speed; RH: relative humidity; Q*: net radiation; QE: latent heat; QH: 
sensible heat; ē: TKE per unit mass; u*: friction velocity; BT: buoyancy term of the 
TKE; ST: shear term of the TKE. 
We have also rewritten this paragraph as follows. 
To analyse variations in the thermal dynamic parameters inside atmospheric 
mixing layers under different degrees of pollution, visibility was used as a 
reference. WS, RH, QH, QE, u*, and TKE at 280 m were obtained under different 
visibility conditions (Tab. 2 and Fig. 10). Clear days were defined as days when 
the visibility is ≥10 km, and slight, light, medium, and heavy haze pollution 
corresponded with 5 km≤visibility<10 km, 3≤visibility<5 km, 2 km≤visibility<3 
km and visibility<2 km, respectively (CMA, 2010). On clear days with 
atmospheric visibility ≥10 km, RH was the lowest, with an average of 43.3%, and 
QH, u* and TKE were the highest, averaging 20.4 W m-2, 0.45 m s-1, and 0.99 m2 
s-2, respectively. The MLH was 664 m on average, and the maximum in the 
afternoon reached 1145 m. Compared with clear days, during light haze 
pollution the RH significantly increased to 63.1%, and the u* and TKE 
significantly declined to 0.32 m s-1 and 0.64 m2 s-2, respectively, with a reduction 
of approximately 30%; the QH and MLH were 19.7 W m-2 and 671 m, 
respectively, without any significant changes. With the pollution aggravated, the 
RH continued to increase; during light, medium, and heavy haze it reached 73.4, 



79.6, and 86.4%, respectively. The u* and the TKE remained almost constant, 
and the QH and the MLH showed a declining trend. The measured values under 
light, medium, and heavy haze were as follows: u* was 0.28, 0.26, and 0.23 m s-1, 
respectively; TKE was 0.56, 0.52, and 0.46 m2 s-2, respectively; QH was 15.2, 12.8, 
and 7.8 W m-2, respectively; and the MLH was 586, 430, and 320 m, respectively.  
 
Question 58 
• (28266, 25): 
"...exhibit a conflicted state." That is meant? 
Response 58 
Thank you for your suggestion. We have revised it as follows. 
However, although the atmospheric diffusion capability is much better in spring 
and summer and the VC in summer can be 1.7 times higher than in autumn and 
winter, the visibility is lowest (~9 km) and the PM2.5 concentration is highest 
(~85 µg m-3) in summer (Fig. 12a). By focusing on visibility≥10 km 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 explain the 
occurrence of heavy pollution in summer. 
 
Question 59 
• (28267, 17): 
"Previous studies..." Give citations! 
Response 59 
Thank you for your suggestion. We have fixed it. 
 
Question 60 
• (28268, 14): 
"...and the critical threshold is 80 %." Where is this statement coming from? Is it a 
definition/estimate of the authors? 
Response 60 
I am sorry for the misunderstanding. We do the analysis of the correlation between 
MLH and visibility and find the correlation shows a sudden change when the RH is 
beyond 80% (Table S1), so 80% is used as the threshold for the RH. In order to 
clarify this question, we have rewritten this paragraph as follows. 
Table S1 Correlation coefficients (R) between the MLH and visibility according to 
different RH 

 RH≤4
0 

40<RH≤5
0 

50<RH≤6
0

60<RH≤7
0

70<RH≤8
0

80<RH≤9
0 

RH>9
0

R 0.15 0.04 0.01 0.09 0.41 0.70 0.77
 
 
 
 



Question 61 
• (28268, 17): 
"We found that the..." I don’t understand this and the next sentence? Is the order of 
visibilities and names (10 km does not correspond to heavy haze) correct? 
Please clarify! 
Response 61 
Thank you for your suggestion. We have added a table according to your suggestion 
in question 57. In that table, the different degrees of air pollution are clarified in detail. 
In addition, the sequence of the degrees of air pollution is not the same with the 
context, which may induce the reader misunderstanding. Therefore, we revised this 
paragraph. Please see response 60. 
 
Question 62 
• (28269, 16): 
"exhibits the feature": please re-phrase 
Response 62 
Thank you for your suggestion. We have fixed it. 
 
Question 63 
• (28269, 17): 
"variation in the MLH": please re-phrase 
Response 63 
Thank you for your suggestion. We have fixed it. 
 
Question 64 
• (28270, 1): 
"slight haze": should be light haze? 
Response 64 
Thank you for your suggestion. We have clarified the degrees of the haze, please see 
the response 57.  
 
Question 65 
• Fig. 1 
A scale would be helpful 
Response 65 
Thank you for your suggestion. We have revised the map as follows. 



 
 
Question 66 
• Fig. 10 
"visibility levels": levels can be omitted. 
Response 66 
Thank you for your suggestion. We have fixed it. 
 
Question 67 
• all Figs. 
whenever possible include a x/y-grid 
Response 67 
Thank you for your suggestion. We have added the grid in Figs. 2, 3, 4, 6, 8 and 11. 
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Response to comments by referee 2 
 
We would like to thank you for your comments and helpful suggestions. We revised 
our manuscript according to these comments and suggestions. 
 
General comments: 
Visibility was used as a proxy for pollution, why not directly PM concentrations ? 
The paper is occasionally very hard/heavy to read: page 28264 is a perfect example of 
the general problem : whole page is filled with lists of numbers and extremely long 
sentences without any clear structuring, so at the end the reader is definitely losing the 
whole idea of the text, and it is very hard to see what all those. 
Responses： 
Thank you for your kindly comments and suggestions.  
In order to characterize the degree of the air pollution in Beijing, PM concentration 
was a good indicator. However, haze is defined by the visibility in China as shown in 
Table 2 in the revised manuscript (CMA, 2010), and it was remarkably negative 
correlated with PM concentration (Yang et al., 2015). Considering the occasionally 
missing data of the PM, visibility was used as an index to classify the air pollution 
degree. 
We are sorry for the bad presentation in our manuscript. In the revised version of our 
manuscript, several long paragraphs were separated into some small parts or 
rephrased concisely. Afterwards, a native speaker revised our manuscript to make the 
language better understanding for the reader. 
 
Specific comments： 
Question 1 
(25254): 
While with most other numbers (like mixing height with 10 cm accuracy?) there are 
obviously too many decimals given in the paper - with this for some strange reason 
far to few; 1km accuracy is not normally very acceptable with a station location? 
Response 1 
Thank you for your suggestions. We have revised the significant digits thoroughly 
according to your suggestions. 
 
Question 2 
(28255): 
We defined all of the meteorological sounding profiles as a convection state when 
they exhibited negative lapse rates for the virtual potential temperature within 200 m 
and bulk Richardson number within 100 m, and the other profiles were defined as a 
stable state.”  
Would it not be useful to consider/define also neutral cases? (See also comment 
below) 
Question 3 
• (28258): 



“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.” 
This seems to be a logical conclusion: however, it remains still unclear, was it really 
verified that these situations were truly neutral? The paper only states that these 
situations were corresponding to “conditions with low relative humidity and large 
wind speed, with winds mostly from the north” – but no direct proof on the “neutrality” 
is given? 
Response 2 and 3 
Thank you for your suggestions. The neutral condition seldom emerged in the actual 
environment. However, the mixing layer is near-neutral during strong winds and 
cloudy day. In our analyses, the overestimations are emerged during strong winds 
crossing, not all the near-neutral conditions. Otherwise, in the process of the analyses, 
we found it was very difficult to define the neutral condition because of the influence 
of the urban canopy, which affected the lapse rate of the virtual potential temperature. 
Therefore, we used two meteorological conditions as same as the former studies 
(Eresmaa et al., 2006; Münkel et al., 2007). Although we just used two meteorological 
conditions, we showed the evidence of the bulk Richardson number is approximately 
0 for the near-neutral condition (Fig. S1). 

 
Figure S1 Relationship between the bulk Richardson number and the absolute error of 
the measured MLH. 
 
Question 4 
(28259): 
“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.” 
Yes, that is an easy option – much better one would be to correct the mixing height 



algorithm so, that it would give better estimates in these conditions- was this approach 
doomed to be impossible? 
Response 4 
Thank you for your suggestions. Interpreting data from aerosol lidars is often not 
straightforward, because the detected aerosol layers are not always the result of 
ongoing vertical mixing, but may originate from advective transport or past 
accumulation processes (Russell et al., 1974; Coulter, 1979; Baxter, 1991; 
Batchvarova et al., 1999). Therefore, improving the algorithm cannot solve the 
underestimations and overestimations of the ceilometer observations, and the only 
option to correct the MLH is to eliminate the data with large AE. After determining 
the reasons for the underestimations and overestimations of the ceilometer results, the 
elimination is much easier to implement. 
 
Question 5 
• (28259): 
“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. 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 PM2.5 and PM10 suddenly decreases. 
Now, it would be extremely important to document what was exactly done here- was 
the PM-ratio used at all, or just some undocumented “sand-dust weather almanac”?? 
This method itself seems to be one of the very useful/new things developed, but 
unfortunately it remains very unclear how this could be utilized in e.g. other 
locations? 
Response 5 
Thank you for your suggestion. The sand-dust weather almanac is like a yearbook of 
sand-dust, which is compiled by the China Meteorological Administration. In order to 
make this paragraph clearer, we added some description in the methodology section 
and rewrote this paragraph as follows. 
The methodology section: 
To identify the sand-dust crossing, the ratio of PM2.5 and PM10 was used as an 
index. If there was no sand-dust crossing, the ratio of PM2.5 to PM10 might 
almost exceed 50% (Liu et al., 2014). A sudden decrease in the ratio to 30 % or 
lower and PM10 concentration higher than 500 µg m-3 usually indicate a 
sand-dust crossing. The ground observations of PM2.5 and PM10 during the same 
period were made by the ambient particulate monitor (RP1400a, Thermo Fisher 
Scientific, USA). The data were acquired at a time resolution of 5 min and 
processed with a resolution of 60 min. A detailed description is provided by Liu 
et al. (2014). 
Section 3.1: 
For underestimations, the meteorological data were used to eliminate 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 (CMA, 2012, 2013, 2014, 2015). Using the principal described in 
Sect.2.1.1, the exact times of sand-dust starting and ending were determined as 
the times at which the ratio of PM2.5 to PM10 suddenly decreased or increased, 
respectively. Finally, the data obtained during the sand-dust periods were 
eliminated. 
 
Question 6 
(28259): 
“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” 
“Effectiveness” probably not the best possible label for availability of useful MLH 
data. The Figure 7 indicates that the above statements may be true, but the text 
“explaining” the reasons for over– and underestimation fails to give a clear 
explanation why this is to be expected: the text should be restructured so that the 
reasons behind Fig.7 would come more clear. 
Response 6 
Thank you for your suggestion. We have revised the “effectiveness” to “availability”. 
In addition, we also have rephrased this paragraph to make the explanation clearer as 
follows. 
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 November 2012). First, the availability was verified after the 
MLH elimination. 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 
lowest in January at 63.5% and highest in June at 95.0%. The successful 
retrieval of MLH over the 3-year period is approximately 80%, much higher 
than in a previous study (Munoz and Undurraga, 2010). 
 
Question 7 
• (28261): 
“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 (Fig. 8) and had a correlation coeffcient of 0.65, which characterizes the 
dominant role of radiation in the variations” ? Not really clear what the beginning of 
the sentence says : “avoid” ? ! radiation is NOT a synonym for sensible heat flux – 
this should be clear in the text +This would be a perfect place for on equation 
/reference to some well-known formulas connecting sensible heat flux & MH ? any 
references to well-known MH formulas! 



Response 7 
Thank you for your suggestions. We rewrote this paragraph and added the 
relationship between the sensible heat and MLH. The revised paragraph is as follows. 
To gain a better understanding of the reasons for the MLH variations, we use the 
daily mean instead of the monthly mean to do the analysis. As the simple 
framework in which we can analyse the MLH variations in Beijing, we consider 
the thermodynamic model of the mixing layer growth (Stull, 1988), as follows: 
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      (6) 

where zi is the MLH (m), t is the time (s), θs is the virtual potential temperature 
near the ground (K), θz is the virtual potential temperature in the top of the 
mixing layer (K), and γ is the lapse rate of the virtual potential temperature (K 
m-1). Suppose the heat from the ground is the only way to warm the mixing layer 
and the heat flux at height zi is zero, then the MLH is related to ࢙ࣂ′ܟᇱതതതതതത . 
Considering that QH is defined as equation (1), MLH is correspondingly related 
to QH. Therefore, the relationship between daily changes in the QH at 280 m and 
MLH was analysed. The results showed that the average QH 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 QH, QE, and soil heat flux 
(QG) given as follows (Stull, 1988): 

∗ࡽ ൌ ࡴࡽ ൅ ࡱࡴࡽ ൅  (7)         ࡳࡽ
the strong correlation between the QH and MLH proves the dominant role of 
radiation in the variation of MLH (Fig.~8). This proves the dominant role of 
radiation in variation of MLH (Fig. 8). 
 
Question 8 
(28262): 
“Two components are closely related to turbulent energy: the heat flux caused by 
radiation and the momentum flux generated by wind shear” Why not simply 
state/show how (equation?) how these are EXACTLY related ? 
Response 8 
Thank you very much. We have added the equation in the revised manuscript. 
 
Question 9 
(28263): 
“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. <- Ref 
Figure 9. Figure 9 does NOT really show significant differences between MLH spring 
vs summer? So the long discussion & strong statements seem to be not justified? Or is 
there a real reason why even those small differences are so significant/important? 
Response 9 



Thank you for your suggestions. I am very sorry for the misunderstanding because of 
language. In order to make this section clearer, we have rephrased this section and 
added some new analyses. The daily MLH range is 728, 828, 562 and 407 for spring, 
summer, autumn, and winter, respectively. It exhibits significant differences between 
spring and summer. If we do the T test for this two seasons, we find the differences in 
the growth rates are significant (P<0.05). Therefore, we revised this section as 
follows. 
 
Question 10 
(Fig10): 
fraction velocity ->friction velocity 
Response 10 
Thank you for your suggestion. We have fixed it. 
 
Question 11 
• (28265): 
Equation 1/the only equation in the paper. 
If you present an equation you should explain all the terms, not just virtual(?) 
potential temperature Describing those all would probably soon also reveal that 
differentiating gravitational constant is not generally a good idea (<-error in at least in 
the buoyancy production and depletion term + dividing rho should be rho0..in the 3rd 
term ?) 
Rersponse 11 
Thank you for your suggestions. We have added the explanations of the other 
parameters in the equation and revised the equation as follows. 
In order to verify these results, we examined the TKE budget equation. If we 
presume a horizontal average and neglect the advection of wind, then the 
forecast equation of the TKE can be written as follows (Garratt, 1992): 
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where θv is the virtual potential temperature, g is the acceleration of gravity (m 
s-2), ρ is the air density (kg m-3), u is the horizontal velocity (m s-1), w is the 
vertical velocity (m s-1), p is the air pressure (Pa), z is the height (m), e is the TKE 
(m2 s-2), ε is the dissipation term of TKE (m2 s-3).  
Question 12 
• (28265): 
“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 remains constant at zero in the entire mixing layer” Well, the first sentence 
reasonably correct, but don’t quite get the meaning of the second one? Sounds like 
you claim the second term to be zero everywhere? 
Response 12 
I am sorry for the misunderstanding. “This term remains constant at zero in the entire 



mixing layer” have been revised to “the integral of this term in the mixing layer 
remains constant at zero.” 
 
Question 13 
(Conclusions): 
More general on the conclusion “The presented 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.” 
My first impression is that “scientific bases” is not the correct term here-maybe more 
like “useful empirical information “ or something similar: the paper does not really 
present any new parameterizations or models , not probably even directly supporting 
that. 
Response 13 
Thank you for your suggestion. We have fixed “scientific basis” to “useful empirical 
information”. 
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