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Abstract

The m|xmg layer is an |mportant meteorologlcal factor that affects atmosphericpollution:
W air pollution. In this study,

the atmospheric mixing layer he| ht MLH was observed in Beijin from July 2009 to De-

cember 201 2 -using a cellometer

N“Bx&gmpgusmvwﬂb

What the ceilometer underestlmates Mt%duﬂw’@e%lw@wqugw
neutral stratlflcatlon caused by strong winds, whereas it overestimates MktH-during-dust

- the MLH when sand-dust is
MWM%PMz 5Jwand PMlo observational data, we screened the
observationat-resultsfor-the-MkH-—and-observed MLH automatically; the ceilometer ob-
servations were fairly consistent with the meteorological-radiosende—profiteresulis—The
cofrelation-coefficientis-more radiosondes, with a correlation coefficient greater than 0.9;
and-the—effectiverate-of-acquired-data-isnear-80. Further analysis of-the—variation-in-the

MitH-indicates-indicated that the MLH in-theBeijing-area-exhibits-thefeature-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-MH-and-the-sensible heat flux —whereas
the-diurnal-variation-in-the-mixing-tayer-during-summer-is-and MLH, and the diurnal cycle

Maffected by the circulatlon of mountalnous plam winds. By

MWMWWWWW@WW&
classify the degree of air pollution, we found that the variation in the sensible heat and buoy-
ancy term in turbulent kinetic energy (TKE) efa-stighthaze-day-is-insignificantis insignificant
when visibility decreases from 10 to 5 km, but the reduction of shear term in TKE is near
70 Y%ewhen-visibitity deereased-frem—+6-to—, When visibility decreases from 5 to 1 kmsi-in

comparisen-with-the-slight-haze-day, the variation of the shear term in TKE ef-medivm-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-aboutis approximately 60 %when-visibility-decreasedfrom-5-to-t.
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 eharacterizes-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 atmospherlc mixing Iayer an&ﬁ&%eﬂmakdyﬂaﬁﬂe

rowde useful empirical |nformat|on for improvin meteorologlcal and atmospherlc chem-
istry models and the forecasting and warning of atmospherie-air pollution.

1 Introduction

The mixing layer is formed becatise—of-discontinuous—turbutenee—when discontinuous

turbulence exists due to discontinuities in temperature stratification between the upper
and lower layers resufting—from-discontinuity-in-temperature—stratification—Fhe-heightte
which—the-of the atmosphere. The atmospheric mixing layer extends-is—the-mixingtayer
height (MLH) —The-atmospherie-MEH-is an important meteorological factor that affects
atmosphericpollutionbecauseitaffectsthe vertical diffusion eapability-of atmospheric pollu-
tants and water vapour gradientsconcentrations; therefore, it affeets-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-layerand

benefietatHforthe parameterisations of boundary layer models, and they play a important role
of improving the simulation accuracy of meteorological models and eptimizing-optimising

the simulation results for pollutants.

Three primary observation methods are used to determine the MLH: meteorologi-
cal soundingprefitesradiosondes, 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 ;-aned-ebservationat
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dataguality-is-highand provide high-quality data. However, because the-observational-cost

is—refatively-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 mornlng, the growth rate fe%of the MLH reaches hundreds of me-

oH] %&WWW
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-polutants-meteorological and pollutant profiles, the constraints of air
traffic control, weather conditions, and observation cost redueelimit these data to atimited
time-periedshort time periods. Therefore, to acquire continuous observations with high spa-
tial and temporal resolution, ground-based remote sensing has become the most advanced

approach %mawmqﬁ&%%w%m

ie-Acoustic

radar (sodar—seuﬂ&de%eetmﬁ%raﬁgmg) Iaser radar (Ildar—thHﬂ%eﬁsrtyLde%eeﬁeﬁaﬁd
ranging) and electromagnetic radar (Doppler radar) are the three methods used to perform
ground-based remote sensing. Sodar can obtain the vertical profite-profiles of wind and tem-
peraturedata;-thus;it-, and these can be used to further-calculate the MLH. Doppler wind
layer through wind shear. Lidar can obtain the vertical profile of variations-in-the aerosol con-
centration and dlscern the atmospherlc MLH by calculatlng the helght #eﬁsuddeﬁehaﬁges

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 tewer-less than 1000 m,

which is not conducive for observing the MLH under convection states. Lidar-observations
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WMWWWW%WL@@&MWWW
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 cellometers%%%ﬁumesﬁﬂa&ebseﬂmﬂewdaﬂee&afﬁeﬁwelwesﬂy

ebse%va%mﬁ%e@hﬁﬁrm&ed%mde&e{eud%eeﬁdmeﬂ% Ildar was costl and not W|del
used. In recent years, lidar observationatobservation technology has developed rapidly, and

an increasing number of applications have used lidar for MLH observations (White et al.,
1999; Steyn, et al., 1999; Hageli et al., 2000; Chen et al., 2001; Schneider and Eixmann,
2002; Kunz et al., 2002; Strawbridge and Snyder, 2004; He et al., 2006; Wiegner et al.,
2006; Sicard et al., 2006; Hennemuth and Lammert, 2006; Emeis et al., 2007; Wang et al.,

2012; Yang et al., 2013; Luo et al., 2014; Scarino et al., 2014) Fuﬁhefmefe—theMAqqryy\qu

eye-safe ceilometers
WtﬂmMa near- mfrared band Iaser %eeaus&eHhe
have been developed. Due to their simple operation and low cost, such-these instruments
have become the optimal setution-for-ebserving-the-MtH-method for MLH observation, and
they have been applied-to-an-increasingnumberofobservations-widely used in recent years

(Mlnkel and Réasénen, 2004; Emeis et al., 2004; Emeis and Schéfer, 2006; Eresmaa et al.,
2006; Mlnkel et al., 2007; McKendry et al., 2009; Kamp and McKendry, 2010; Muroz 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 PIaln is the centre of politics, culture and economlcs
in China. ‘

has—eaused-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
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dramatically during-heavy-pollution-periods-in-Beijing-when the concentration of particles
increases—tr-additior;—;_ the weather conditions generatty-inctudehigh-humidity-typically
include high relative humidity (RH), stable atmospheric stratfication, and low wind speed
with-a-settherly-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 additionat-descriptions—of-weather—conditions
WWWWMWWY poIIutlon
periods:-how m

variations in atmos herlc MLH are not weII understood As a key meteorological factor MLH
has a strong influence on the occurrence, maintenance, and dissipation of heavy pollution;

and-they-arenotweltunderstood-Asfor-. For most areas in nerth-northern China, the mete-
orological seunding-dataradiosondes can only acquire ebservationat-dataforthe MLH in the
morning (00:00 UTC) and at night (12:00 UTC), anet-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 prellmmary descrlptlon of MLH vaﬁatieﬂsdurmg heavy pollution periods but-continuous

(He and Mao 2005; Yang et aI 2005 Zhang et al., 2006 Chen et al., 2009; Quan et al.,
2013; Hu et al., 2014; Zhang et al., 2015)-Witheutaeqtiring-, 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-MHthrough-thesestudies;the

influenee-of-atmospherie-characteristics of MLH, its impact on air pollution cannot be stud-
ied thoroughly (Schéfer 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-characteristies-temporal variations
of the MLH over 3 years. By combining the meteorological data, we were able to deter-
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mine hew-variations—in-the variations of the mixing layer and the atmospheric diffusion

capability eceurred-in different seasons. Finally, visibility-was-used-te-determine-we used

visibility as an index to classify the degree of atmespherie-air pollution, and analysed the
thermal/dynamic strueture-parameters inside the mixing layer was-anatysed-under different

degrees of pollutionby-detineating-; then, we delineated the influence of MLH variatiens-en
atmospheric-poliution-and-reveating-on air pollution and revealed the critical meteorological
conditiens-underlying-factors that affect the formation and dissipation of heavy atmospherie
pottution-in-the-Beifingareaair pollution in Beijing.

2 Methods
2.1 Sites and instruments

To understand the structurat-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 3116 Decem-
ber 2012) in Beijing. The observation sites, ebservation-parameters, and observation-time

perioettime 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 tewer-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 ringroad-and
and the north fourth ring road, and the Beijing—Tibet motorway is on the eastern side. The
geographic location of the station is 39:9739.974° N, +16:37116.372° E, and the elevation
(a.s.l.) is approximately 60 m.

The instrument used to observe the MLH was a single-lens ceilometer CL3+
{Vaisala(CL31, Vaisala, Finland). This instrument utitizes-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
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GL31For 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-speedincluded 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-mixingtayer-parameters (sensible heat, latent heat, radiation,friction
velocity, etc.) and the total (285-2800 nm) and net (0.2:100 um) radiation during the same
period were from-ultrasonic-anemometers-at-47—140-ane-2800bserved using a ultrasonic
anemometers (GSAT3, Campbell Scientific, USA), a pyranometer (CM11, Kipp & Zonen,
Netherlands) and a net radiometer (NR Lite2, Kipp & Zonen, Netherlands), respectively. Al
of these data were obtained on the meteorological tower ;-ane-the-time resotution-was-5at

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 ebservation-data-of-sensible

heat (Qn), latent heat , friction velocity (uy), and turbulence kinetic energy (TKE) were
calculated as follows (Stull, 1988; Garratt, 1992):
Qu = pepw’6, M
Qe =L,w'q (2
u —( w—tv’w’2>1w/f 3)
TKE 1 —

[ < ’2i—v’2+w'2) =e (4)
L2
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where p is the air density (kgm~), ¢, is the specific heat capacity for air at constant
pressure (Jkg~' K1), 0, is the virtual potential temperature (K), L, is the latent heat of
vaporisation of water (Jkg '), g is the water vapor density (kg m~), m is the mass (kg), €
is the TKE per unit mass (m?s~ '), and u, v, and w are the streamwise, cross-stream and
vertical wind velocities (ms?), respectively.

To identify the sand-dust crossing, the ratio of PM, 5 and PMy was used as an index. |f
there was no sand-dust crossing, the ratio of PM2 5 to PM1o might almost exceed 50 % (Liu
etal., 2014). A sudden decrease in the ratio to 30 % or lower and PMo concentration higher
than 500 ug m > usually indicate a sand-dust crossing. The ground observations of PM2 5
and PMyg during the same period were fromThermo-Eleetrictne—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).

8 . tion s i
212 ZBAAsite

The meteorological radiosondes were measured by the international standard weather sta-
tion (ID: ZBAA) ;-whiech-that is located outside the south second ring road in the Fengtai
district, Beijing, 10 km from the station en-the-tewer-of the Institute of Atmospheric Physics.
The geographic position of station ZBAA is 39-4839.484° N and 1+16-28116.282° E, and the
elevation (a.s.l.) is approximately 34 m. The-meteorological-soundingprofile-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-

Aeee1=d+|:}g~te~tIcn—:»ﬂ%|assHL|eaifre>1cm~ﬁareiflﬂ}e>exL M%ngmggof Eresmaa

et al. (2006) ;-w i

Mumm
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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

virtuat-petentiak-temperature-0, within 200 m and bulk Richardson number-numbers (Rg)
within 100 m, and %h&other proflles were defined as a stable state. Weﬁb%alﬁed%%ﬁd

as follows:

A6, Az
Rg = g (5)

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

PM concentration proved to be a good indicator for characterization of the degree of the
air-polutionin-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
Wﬂ?ﬂ%@%%&at station ZBAA,
which was obtained from the web-page-of Wyeming-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-refativelytong-ane-ecoutd-can be several days or even
weeks, the distribution of particle concentrations inside-the-atmosphericmixinglayeriseven

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
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free atmosphere are significantly different. By-analysing-In the attenuated backscatter co-

efficient profileof-atmosphericparticles, the position at which a sudden change occurs in
the attenuated-backseattercoefficientisprofile 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 (—d3/dx) in the attenuated backscatter co-
efficient profile diagram-forthe-aerosol-as the top of the mixing layer (Steyn, et al., 1999).
To eliminate the influence of inherent noise and aerosol tayer-structure-influenee-layers on
the data, spatial and temporal averaging must be apptiee-carried out before the gradient
method ean-be-used-to-caleutated-the MiH-from-theprofite-data-is used to calculate the
MLH (Munkel et al., 2007; Tang et al., 2015). Time averaging is dependent on the current
signal noise; the intervals vary from 14 to 52 min for the CL31. Height averaging intervals
range from 80 m at ground level to 360 m at 1600 m height and 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 setndingprofite-radiosonde (Beyrich, 1997; Sibert et al., 2000;
Wang and Wang, 26+42014a). In this study, we calculated the MLH for the convective state
and-stable-stateand 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 variatiens-in-the-virtuat-potentiat-temperatureprofiles in the 0,. In
a stable state, a low-level jet often occurs in the-BeijingareaBeijing, 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 eceur-exist under stable weather conditions, the altitude where-the-Richardsen
number-at which the Rg is greater than 1 is the MLH (Vogelezang and Holtslag, 1996;
Eresmaa et al., 2006).
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3 Results and discussions

3.1 \Verification of the MLH

Previous ebservation-studies-using-ceitometers—could-studies with ceilometers did not re-
solve issues with-applying-concerning the applicability of ceilometers in Chinese areas with
hlgh aerosol concentrations. M&s%udy,—%he%ne#&ed&e#%resma&et&l.—%@@)—&ﬂd

\/

mwwmwmﬁ@%wmmmm
Sect. 2.1.2, 260 and 540 effective observations were obtained for the convective and stable
states, respectively. The MLH data acquired by meteorological seunding-profites—and-the
radiosondes and by ceilometer were compared for the two types of weather conditions
(Fig. 2);—and-the—results—were—evaluated—Fhe—comparative—anatysis—._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
proflleef—a%mespheﬁc—paﬂﬁeles if the concentratlon of atmospherlc partlcles is relatlvely
low, y
{it will be d|ff|cult to determlne the MLH based on a sudden change in the backscatter

rofile, and use of this method will lead to a higher absolute error (AE) of the measured
MEresmaa et aI 2006; Munoz and Undurraga 2010) An-analysis-et-therelationship

@w%
always occurred when visibility was good. However, there were still a number of samples
had-refatively-fow-errors-that had low AE under conditions of good visibility (Fig. 2). Con-
sequently, tew-poliution—and-clear days with good visibility are not sufficient-conditions—to
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prediet-underestimations-in-the-observation—resuttsthe main reason for underestimation of
the observed MLH.

To |nvest|gate why the cellometer results produced underestimations, we analysed cases

altitude—the—eateulatrenerreethose samples wrth ood VISIbI|It and smaII AE The result
showed that although the visibility was good, the AE of the MLH deereased,-even-if-was
MA!VAQQDN the aerosol concentration was—retaﬂve%lem&BHurthe%anaty&ng%he

\Waen A ato

relaﬁv&hum@tyandamnd—veeter&showed large dlfferences in the vertlcal drrectlon After
taking the RH and wind vectors |nto accoun we found that eeHemetenunderestfmatrens

esponded '.' a A '. aTETa%! v Ad .' d peed A A O a¥aa

nertl%underestlmatlons were always accom anled by low RH and stron northerl wind
(Figs. 3 and 4). The local meteorological conditions in Beijing indicated that this type-kind

of meteorological condition is usually caused by &-the bypass of a cold air mass. When

a strong northerly winds a%dmm%ﬁwe%wwﬂh a dry and clear air masses prevar#

ach-prevails in

Bel in atmos herlc aerosols spread ra |d| to the downstream region, resulting in a dra-
matic decrease of-aerosol-concentration-in local aerosol concentration and good visibility.

In addition, the tew-humidity-ef-the-dry air mass suppresses the liquid-phase and hetero-
geneous reactions for-of the gaseous precursors of-aeroset-and the hygroscopic growth
of aerosols can also be neglected. Therefore, the aerosel-generation—velocity—is—much

lewer-than-the-lossrate-because-ofHransportationformation of aerosols cannot compensate
for the transportation loss, leading to low aerosol-concentrations—and—uniform—vertical

gradientsand uniform aerosol concentrations in_the vertical direction. Once the aerosol
concentrations-in-verticat-direction-become-uniformconcentration becomes uniform in the
vertical direction, the ceilometer cannot calculate the MLH through sudden changes in

the attenuated backscatter profite;which-results—profiles, resulting in serious underestima-
tions. An analysis of the relationship between the Richardsen-number-and-the-errorshows
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Rg and the AE showed that when the ceilometer-measured MLH is subject to refatively

large-errors;the-Richardson-numberis-approximately-0—Thereforelarge AE, the Rg below

100 m is approximately 0 (Fig. S1). Thus, the near-neutral atmospheric stratification that
oeeurs-when-caused by the passage of a cold air mass passes-through-is-the-main-cause
is_the primary reason for the serious tunderestimation-in-the-observation—resultsby-the
eeitormeterunderestimations.

:Feﬂﬂvestfgatetheeveresﬂmatrenﬁﬁwnh respect to overestlmatlons of the cellometer re-

uIts 3

premewe may take the meteorolo |caI radlosonde at 14:00 LT on 1929 December 2009 as

an example and-analysed-itfor-overestimations—(Fig. 5). Thisprofile-exhibited-an-obvious
bHeve#struetureﬂN&htheﬂrsHevetlheAMQ—mwMermedat apprOX|mater 1100 m~where

tHGFeaSG‘—&HGF where the Oy and the WS be in to increase; the ozone concentration is trans-
ported from the background areawith-a-concentration-oef-about-, where ozone is present at

approximately 40 ppbv. The-seconcHevetis-However, the ceilometer recorded a higher MLH
at approxmately 1600 m, where H%eﬂfaﬁatreﬂﬂeateet—wrtuakpeteﬂﬂal—temperatureﬂﬂereaees

Het&typ&e#bt—leve#strueture—ﬁrraﬂfre# here was a sudden change in the backscatter
radient. When we measured the PMy. 5/PM10 @%Mmem\/vmwm

WWM%H%%&WH&WW&W
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

IodeJ UOISSNoSI(]

JodeJ UOISSNoSI(]

JodeJ UOISSnoSI(]

JodeJ UOISSNoSI(]



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-
mmmg the reasons for the underestlmatlons and overeshmahons&theeeﬂemete%data—ﬂ%e

the elimination is
mmt Forunderestlmatlons the meteorologlcal data atthe-observation

station-were used to eliminate time-periods-of-crossing-cold-airwhen-the-temperature-and

wine-veloeity-are—subjeet-to-the periods when cold air passed with a sudden change in
temperature and WS. For overestimations, we used-the-date-of-dust-oceurrence-based-on

the-sand—dustreferred to the sand-dust weather almanac to eliminate-the-time-periods-of

dust-erossing-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 endin
WWMMraUO of PM2 5 aHeLto PMlo suddenly deereases:

ehewed%ha%gtwerrelaﬁeﬁeeetﬁe&betweeﬁthedecreased or mcreased res ectlvel
Finally, the data obtained during the sand-dust periods were eliminated.
After the screenin rocess, the post ellmlnatlon ceilometer data and meteorological

v W radiosondes are strongl
orrelated W|th a correlatlon coeff|C|ent reater than 0 9, which—alse—demenstrated-the

e#eeﬂveﬁess—ahdﬂﬁmpﬂlabﬂﬁyedemonstratm the effectiveness of the elimination method

ebsefvatreﬁﬂﬂesutt%ﬁ}eeConse uentl the ellmlnatlon results are gOOd—&HdJEHI{‘r This
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method replaces the time-consuming method of filtering the data manually --whieh-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-guatity

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 wine

speed-and-significantty-WS and positively correlated with retative-humidity-RH (Fig. 7a).
For spring and winter seasons with relatively-large-wind-speeds-and-relatively-tow-humidity;
the-effectiveness-of the-datalarge WS and low RH, the availability is low, whereas for sum-
mer and autumn seasons with retatively smalt-wind-speeds-andrelatively-high-humidity the
effectiveness-of-the-data-small WS and high RH, the availability is high. In particular, the
effeetiveness-availability is lowest in January at 63.5 % and highest in June at 95.0 %. The
average-effectiveness-of the-data-over3-years-successful retrieval of MLH over the 3-year
period is approximately 80 %, much higher than in a previous study (Mufoz and Undurraga,
2010).

Using the validated data, we analysed-seasenat-changes-analyzed seasonal variations
over 3 years. The results indicated-that-the-daily—minimum-showed that the changes of
(Fig. S2). Therefore, we examined the averaged seasonal variation, and the monthly mean

minimum_ of the mixing layer was high in winter and i-spring, and low in summer and

irrautumn. The monthly-average-maximum-for-maximum monthly mean of the daily min-
imum MLH ef-was 351 £ 185 m appeared-in May, and the minimum ef-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
ofthe-monthly average MLH. The MLH is similar in-October-and-Noevember{autumn)-and

daﬁuaryeﬂel%eeembeﬁwm%eﬁa%rom October to January at approximately 500 m, and it
is similar in-M

MMQQMQ@%\ILQM]OO 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
datty-maximum-MH-is-mean with the highest in May at 1480 £ 448 m ;—ane-is-and the
lowest in December at 787 297 m.

Previous studies have indicated-suggested that the seasonal variation in the MLH coule
may be related to the-radiation flux (Kamp and McKendry, 2010; Murnoz and Undurraga,
2010)%Mmmshown in F|g 7bthe-totat-radiation

' - Although spring
mrmme 'V“—H in summer-spring is
equal to that in spring;-and-thisresuttis-inconsistent-with-that-of previous-studies-—-Although
this-study-has-determined-seasonal-variations-in-the-MkH,-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.

W@Wthem%wmwmﬂwﬂﬁm
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flox-and-feund-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:

Oz _ wihs—why __7“”'9;‘ (6)
O

where z; is the MLH (m), t is the time (s), 05 is the virtual potential temperature near the
ground (K), 6, is the virtual potential temperature in the top of the mixing layer (K), and
is the lapse rate of the virtual potential temperature (Km~1). Suppose the heat from the

round is the only way to warm the mixing layer and the heat flux at height z; is zero, then
the MLH is related to w’6.. Considering that is defined as the equation (1), MLH is

correspondingly related to Qu. Therefore, the relationship between daily changes in the

at 280 m and MLH was analysed. The results showed that the average Qu and MLH from
12:00 to 17:00 LT and-the-sensibte-heatflux-were well correlatedand-had-, with a correlation

coefficient of 0.65,-which-characterizes-the-. Because net radiation (Q*) should be balanced

by the and soil heat flux iven as follows (Stull, 1988):

Q =Qu+ Qe+ Qe (7)

the strong correlation between the and MLH proves the dominant role of radiation in the
vartations-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 stagefer

the-MEH; from 14:00 to 18:00 LT, which is the maintenance stageefthe-mixing-tayer; from

18:00 to 20:00 LT, which is the rapid decrease stageofthe-mixingtayer;and-after; and from
18
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20:00 LT and-untitto the next morning at 08:00 LTinthe-morning-ofthe-second-day, which is
the stable boundary layer stage with-retativelytow-MtH-(Fig. 9aS3). These types-stages of
development and dissipation mechanisms are consistent with the description ef-reported by
Stull (1988). Altheugh 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 etese-similar between spring and
summer;-the-divrnat-variation-in-the-MkH-exhibitsconsiderable-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 retatively-stablealmost constant,
whereas at night-time in summer, the MLH exhibits—shows a gradual decreasing trend.

After sunrise and before 12:00 LT, the grewthrate-of-the-atmospheric-rate of increase in
the MLH is relatively high in springane-reaches-, reaching 114mh~1, whereas the hourly

growth-rate-of the-mixing-tayerrate in summer is relatively Iowm—summe%arade&%eaehee
102m h~!. Between 12:00 and 14:00 LT in spring, the growth-rate-ef rate of increase in the

MLH is 119 m h~!, whereas the-grewthrate-ef-the- MEH-in summer the rate of increase is
significantly enhancedin-summer-and-reaches-, reaching 165mh~. Such changes reflect

the convex variation—characteristies—in—spring—and concave characteristics in spring and
summer durlng the development stage of the MLHW\@]Y

e‘eveiepmeHH&The develo ment of MLH iS malnly related to the magn&udeﬂHufbww
energy—two-components-are-turbulent energy and the production of the turbulent ener
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is closely related to turbutent-energytwo components: the heat flux caused by radiation
Mand the momentum flux generated by wind shear M&ull 1988). Because

the seasonal variation of-in heat flux is difficult to explain aceerding-to-the-aferementioned
eriteriathe 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-seasen-spring typically exhibits a nerthwesterty-northwest wind in the
mornmg and seuthwestertfggggtﬁwve\gtmwmd in the afternoon Wha%matters—mesh&that

HeweveHh&mMAsyArpArngrAtAlleN northward I|ft and westward mtrusron of a subtropical h|gh i
summer-causes the southerly moist air mass with retatively-smatt-wind-vetoeity-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-absenee-(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 t6-on the southerly air flow and jeinity-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 12:00LT in the afternoon occurs in summer. In_September, with the
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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 row from the northeast
to the southwest W
air-then-. The cold air flows |nto the p%aﬁ:rNorth Chlna Plain and accumulates in a cold pool,
and-the-cold-air-that-continuoustyfills-the-plain-continues—to-inerease-the-increasing the
thickness of the inversion layer, and the thickness of the mixing layer gradually decreases.
After sunriseas-theradiation-enhanees;the-, the radiation increases; the MLH increases
rapidly under the impact of thermal buoyancy lifteauses-the-MiH-te-increaserapidty, and
this type of cold drainage flow is maintained until 12:00 LT. After 12:00 LT, the plain wind ir
from the southwesterly direction gradually dominates and is maintained until approximately
03:00LT in the morning of the second-next day. According to Fig. 9c, from 03:00LT to

12 00 LT during-in summer, the air-space-from-the-nearsurface-to-troposphere below 300 m

radually 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. Fhis-However, this trend does not occur in spring (Fig. 9a). Similarly,
between 09:00 and 12:00 LT in summer, the cold drainage flow eatses-suppresses the
development of the MLH with a low heurly-growthrateefthe-mixingratein-summer,-whereas

rowth rate; in spring, without this inhibitory effect, the growth rate of the MLH is highir
spring. After 12:00 LT in summer, the southerly plain wind causes the growth rate of-the

MEH%eﬁﬁerease—ffeﬁﬁgvlvrlgrvegsvevgetygevea12 00 t&and 14:00 LTfﬁ%ummeHhe@Fadua}

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—regionat-cireulationleads-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-tayerin-summercompared-to-the-springMLH in

summer.

3.4 Implications for air pollution

3.4.1 Thermal/dynamic struetures-inside-mixinglayers-with-parameters under

different degrees of pollution

To analyse variations in the thermal dynamic parameters inside atmospheric mixing layers

under dlfferent degrees of poIIutlon V|S|b|I|ty was used tea%ea%eﬂ%edegreee#a%mesiaheﬂe

WMME@H@WWWWM& 280 m were
obtained under different visibility conditions —As—shewn-in—(Tab. 2 and Fig. 10). Clear
days were defined as days when the visibility is > 10km, and slight, light, medium, and
heavy haze pollution corresponded with 5 km < visibility <10 km, en-3 km < visibility < 5 km,
2km < visibility < 3 km and visibility < 2km, respectively (CMA, 2010). On clear days with
atmospheric visibility > 10 km, the-retative-humidity RH was the lowest, with an average
of 43.3 %, whereas-the-sensible-heatfluxfriction-veloeity-and-TE-and u, and € were
the highestand-averaged-, averaging 20.4 W m~2, 0.45m s, and 0.99 m? s—2, respectively.
The MLH was 664-2664 m on average, and the maximum afterneen-coulcreach-1+1+44-8in
the afternoon reached 1145 m—With-declines-of-atmospherie-visibility,stight-haze-poflution
oceurrecHn-the-visibility range-of- 516 10{CMA;-2010). Compared with clear days, therelative
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 0.32ms~! and 0.64 m?s~2,
respectively, at-with a reduction rate-of approximately 30 %whereas-the-average-sensible
heﬂw%t%%ﬁ%mﬁ%@m%ﬂm&%mw
was 19. 7W m~2 and 6#9671 m, respectlvely%ﬂhea%mespheﬁts—\ﬁ&bih%efmﬂued%e
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mem
continued to increasewith-the-aggravated-potiution,—and-in-theperieds—of—; during light,
medium, and heavy haze it coule-reach-reached to 73.4, 79.6, and 86.4 %, respectively;
thefriction-veloeity-. The u, and ¢ remained almost constant, and the Qy 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 ms™1, respectively; the-FKE-¢ was 0.56, 0.52,

and 0.46 m? s~2, respectively; the-sensible-heat-flux-Qy was 15.2, 12.8, and 7.8 W m~2,
respectively; and the MLH was 586-1,430-0,-and-326-1586, 430, and 320 m, respectively.
TFherefore

In summary, when clear days change to slight haze, the wind-speed,riction-veloeity;
ana-TKE-significantty-deeline-but-the-sensible-heat-flux- WS, u,, and e decline significantly
but the Qu and MLH do not change significantly. When the-degree-of poliution-transforms
from-stight-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-MEH-gradually-deereases, but the Qq and MLH decrease significantly.
It should be noted that although the retative-humidity-RH varied considerably at different

pollution stages, significant differeneces-changes in Qg did not occurin-the-tatent-heat-flux;
which-varied-from-cleardays-to-heavy haze-days-at, its values was 18.7, 19.9, 21.5, 18.8,

and 19.8W m~2 on clear days and under conditions of slight, light, medium, and heav
haze,respectively. Thus, when clear days transferm-change to slight haze, dynamic effects

have a relatlvely Iarge mﬂueﬁeeMQQQLon the m|xmg Iayer whereas theﬁmedyﬂamntee#eets
e-when

sI| ht haze evolves to heavy haze thermod namic effects Ia a domlnant roIe.
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):

7 w'p’ — —
@ _ —u’w’@ + iﬁiw,gv/ B a(w e+ T) a(w/e) B Ea(w/p/) . .
ot 9z = 96,0, 0z Q= p_ 0z
where #isthe-virtuatpotentiat-temperaturep is the air pressure (Pa), and ¢ is the dissipation
term of TKE (m?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 en-the-right-side-of the-equation-is the
buoyancy production and depletlon term, the-thirdterm-ontherightside-of-the-equation-is

MMW turbulent transport and pressure-related term;

transportation-terms, res ectlvel Because the turbuIent trans ort term does not generate
or destroy the TKE ;-and-tjust-but simply moves the TKE from one position to another

pesitlePreHedtstHbute&or redlstrlbutes |t the integral of this term in the TKE—Thisterm

studymixing layer remains constant at zero. Moreover because the time period of poIIutlon
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 turbutence—and vertical turbulence to
the TKE, we—enly—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—vatue—of-the—bueyaney—term—foer—buoyancy term on clear

days, slighthaze,tighthaze,mediumhaze, light, medium, and heavy W&MS
0.67 x 1073, 0.64 x 1073, 0.49 x 1073, 0.39 x 1073, and 0.24 x 1073 m?s~3, respectlvely,

andthe%@%ﬁeﬁe%mms 1.02 x 10—3 0.66 x 1073,

0.37 x 1073, 0.26 x 1073, and 0.23 x 1073 m? s~3, respectively. Therefore, the key meteo-

rological factor for the conversion from clear dayﬁesl@h%ha%&sﬁetgsmmh

is the decrease of the shear term in TKE, and it is mainly eharacterized-characterised by

a significant reduction ef-in the horizontal wind velocity; the-key-meteorologicat-factor-for the
24

IodeJ UOISSNoSI(]

JTodeJ UOISSnoSI(]

JodeJ UOISSnosI(]

JodeJ UOISSnoSI(]



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 eharaeterized-characterised by a significant
reduction of-the-sensible-heat-and-the-in the Qy 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 onl i : is consistent with the results of

mpreeeﬂ%%heﬁzen%akdﬁﬂjsfenﬁpabﬂw ccordln to the dlscu33|on in Sect 3 41
addition to MLH, WS is another factor in controlling air pollution. The MLH and WS re resent
the vertical and horizontal diffusion capabilities of pollutants, and-higher—wind-speeds

indicate-a-stronger-horizontal-diffusion-capabilityIn-most-studiesrespectively. Synthesisin
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;
h| her VC |nd|cates stron er capabilit (Tang et al., 2015) 3Fe—re\ereseﬁ%+hee%mespheﬁe

fn%heﬁBeﬂrng—areefAs shown in Hﬁ%ﬁhﬁ%mespheﬂc—dﬁ%uﬁe%eapabﬂﬁyﬂ&me
strongest-Figure 12a, the VC is highest in spring with a-ventilation—coefficient-of-approxi-

mately 2000 m? 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 1072m?s71, respectlvely ?he#enﬂla%wweeﬁreremﬁs—thehrghes%end%hﬁewesﬁﬂ
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The-ventilation-coefficientin-Aprits23-times-than-thatin-December—Although-However,
although the atmospheric diffusion capability is—strong—in—spring—and—summer—and-the

atmospherie 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 M%QMkm ) in-summer-and the PM5 5 con-
centration is the-highest (~ 85ugm~3) in summer (Fig. ++a12a). By dividing-the-visibility
betweenfocusing on visibility >10km and visibility < 10 km separately, we find that the
oeeurrence-frequency of haze is-highestin-summer-at-occurrence is highest (up to 73 %;
aﬁeb) in summer, whereas it is approximately 40% in other seasons —Fherefore—the

. 12b). Therefore stron dlffu3|on capabilit cannot ex Ialnthe occurrenceo heavy poI—

Iutlon in summera

Mﬁwmﬂm@m&mﬁﬂwmthe degfe%eFa%mGSﬁheﬂe
potiution-is-essentially-notrelated-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,

@Mﬁlm
significantly increased to as much as 0.72 (Fig. . If we assume that no transport from
other regions occurs local contributions (local em|SS|ons and secondar formation) will

W the pottu

H%epartlcle concentraﬂonw&rbﬂﬁy#ﬂre&e&%ha%#mfeﬁelaﬂe&beﬂﬁeeﬁthﬂﬂdﬁe
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we further suppose that the IocaI emission is constant ever da due to the domlnant role
of the agueous, 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 WI|| be almost constant. Under such circumstances, the relatlonshlp between

MLH and V|S|b|l|t should
Mcorrelatlon between the MLH and atmespheﬁc—werbthtyﬂs—peefand

(—l:kVISIbIlIt |nd|cates asi n|f|cant influence from re |onaI transportatlon and their good
orrelatlon indicates the dommant role of local contrlbut|ons Tan et al. ’L2015 ) —However;

mmm
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. ++o11). 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-sulfatespercentage of sulphates,
nitrates, and ammonium aerosols with retatively-strong-hygroseepieity-strong hygroscopicity
increases, whereas the magnitude-of-enhancement-isretativety tow-for-percentage of or-
ganic matter aerosols with relatively-weak-hygroscopicity—Thereforethe-variation-in-erustat
elements-is-notsignificant-and-exhibits-highersulfateweak hygroscopicity decreases. Thus,
the aerosols exhibit higher sulphate, nitrate, and ammonium ratios on haze-dayshazy days,
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which |nd|cates the dominant roIe of the secondar formatlon (Zhang et al., 2014). This

From the aforementioned analyses, the reasons for the relationships observed under
conditions of low and high RH can be clearly understood. Under low humigity-conditions, RH
condition, since the significant impact of the eontribution-ofhumidity-related physiochemical
proeesses-tothe-atmosphericparticles—isretatively tew,—and-regional transportation, the

processes of local emissions, regional transportation, and physiochemical generation
Mdomlnate the concentratlon of atmospherlc parhcles—'Fhe%e#ere—the

s%udfﬁaﬁge{—al%%aereases—rweia{wemﬁﬂdﬁueaus& vargg@pw
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 . is favouratle for the Jormation of particles from the
liquid-phasea y i y W
WM@D&M@WWW&W 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

OveraII the high correlation between visibility—and—the—MEH—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—polution——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 atmospherlc MLH. Jiheseﬂﬂalyse&shexﬁha*r%he—pﬁmawerme&%eﬂdmeﬂ

mwm
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 othereriticat-condition-critical threshold

for the MLH, we analysed the fitting equation during-heavy-hazeperiods-when-the-relative
humidity-when the RH exceeds 80 % and calculated the MLH corresponding to four dif-

ferent degrees-of-poliution-with-atmospheric-visibility-of-2,-3;-stages with visibilities of 10,
5, anad-1063, and 2km —We-(Fig. 11). It is found that the eritieat-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 BO%%Nsllght light, medium, and heavy haze were-will occur with

After determining the critical meteorological condition-for-the-formation-of-heavy-poltution;
anranatysis-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

We@ﬂve%@%d%pee&s\hgx@lﬁgﬂg%& a prereqwsﬂe for an-increase-in-haze

, eshazy days
MMM&%@MW
of the west Pacific subtropical high, the frequency of cloud fraction > 50 % is the_highest
in_summer, with greater than 70% (Fig. 7a)—Onee-the-12b). When this cloud fraction
increases, radiation levels will dramatically decline, and the atmoespheriec-MEH-will-alse
deerease-MLH will decrease significantly as well. Such conditions cause a rapid weak-
ening of the atmospheric diffusion capability and-Head-to-the-frequent-oceurrence-of-heavy
pollution-events with-an-along with more rapid formation of particles under high RH; heavy

29

1odeJ UOISSNOSI(T

| 1odeg uorssnosiq

1odeJ UOISSNOSI(]

1odeJ UOISSNOSI(T



ollution will occur frequently, thus leading to the enhanced concentratlon of atmoespheric
particles-and-reduced-visibility—particles and decreased visibilit .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.
tr-erder-to-To acquire the high-resolution observations of MLH, a study using a ceilometer
was performed from July 2009 to December 2012 using-a-ceitometer-in the Beijing urban
area.

Based on a comparison and-validation—of-mutltiple-types—of-data,—we—determine-with
radiosondes, we determined that the ceilometer underestimates MtH-duringreutrat-the
MLH during near-neutral stratification caused by strong winds -whereas-it-overestimates
and that it overestimates the MLH during dust crossing. By combining eenventionat
meteorologicaldata—and-meteorological, PM2 5, and PM;o ebservational-data, we screen
screened the observation results for the MLH;-ane-the-; the availability of the acquired data

is close to 80 %. The screened ceilometer observations are fairly consistent with the mete-

orological radiesondeprofiteresults—The-corretation-coefficient-is-mere-radiosondes, with
a correlation coefficient greater than 0.9;-and-the-effectiverate-of-acquired-data-ishear-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 beirng-high in spring
and summer. There is a significant correlation between the variation-in-the-MtH-and-the
sensible-heat-flux;-which-characterizes-Qy_and MLH, which characterises the dominant
role of the radiation in the variations-ef-variation of the MLH. In addition, the diurnal cycle
in the MLH —However,—the-characteristies—of-ditrnal-variation-in-the-mixingtayer-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 nightte-gradualy-decline,
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which suppresses Hee»develepmeﬁfretth&mt*mg—layeH Nswdveyelg\pAmAerAtthefore noon, and

the prev y yplain
W@W Therefore, wmmgptm

the mountainous plain winds teads-to-the-in summer lead to a concave-down variation-in

the-fast-development-stage-of the mixing layer in summer-compared-to-the-springthe fast
development stage.

By applying visibility as the-an index for the classification of atmosphetic-poliution-degree
degree of air pollution, it is found that in comparison with a-clearday,the-variation-of-sensible
heat-clear days, changes in the Qy and buoyancy term in TKE of-a-stight-haze-day-is
insignificant-and-the-reduction-of-shearterm-in-TKE-is-significantare insignificant on slight
hazy days, but a reduction in the shear term is obvious; in comparison with the-sfight-haze

dayslight hazy days, the variation of the shear term in TKE of-mediuvm-and-heavy-haze
days-is insignificant, and-the-declination-of-sensible-heat-and-but the declines in and

the buoyancy term in TKE sare S|gn|f|cant At a-the slight poIIutlon stage the degteeet

oIIutlon has nothing to do with the MLH but depends on the horlzontal diffusion capablllty
as affected by the horizontal wind speed. At the heavy pollution stage, the poellution-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-theretative-humidity-when the RH increases.
The high correlation between visibility-and-the-MEH-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 mainty-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-seheme-parameterisations of the
boundary layer in meteorological models. Studies en-of the atmospheric mixing layer and

its thermal dynamic structure-underdifferent-degrees-of-parameters at different stages of
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air pollution reveal the critical meteorological eonditions-underlying-factors for the formation,
evolution, and dissipation of atmespheric-heavy pollution, ane-previde-a-seientifie basis-thus

roviding a useful empirical information for improving atmospheric chemistry models and
the forecasting and warning of atmespheric-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. =3
Sites  Long, lat Instruments Time interval Time resolut
BJT  +16:37-39:97116.372,39.974 CL31 15 Jul 2009-342009-16 Dec 2012  10min
PM;.5,PMyq 15 Jul 2009-31 Dec 2012 60min

Tower-based meteorology 15 Jul 2009-31 Dec 2012 530min 7
ZBAA 116:28,-39:48116.282, 39.484 Weather balloons 15 Jul 2009-31 Dec 2012 1 per week
Weather balloons 1 Jan 2012-31 Dec 2012 08:00 and’2(

Ground-based meteorology 15 Jul 2009-31 Dec 2012 30min =

-,

"

7

40



Table 2. Statistics of the thermal/dynamic parameters according to visibility.

3km < Vis < 5km

Lighthaze ~  Mediumhaze Heavy haze

2km<Vis<3km  Vis<2km

Parameters Clear days Slight haze

Vis>10km  5km < Vis < 10km
WS (ms~) 38 25
RH (%) 433 63.1
MLH (m). 664 671
Q (Wm2) 776, 748
Qu(Wm2). 204 197
Qe Wm—2). 187 19.9
b (ms) 045 032
e(m?s?) 099 064
BT (x 102 m?s) 067 0.64
ST(x10 3 ms™%). 1.02 066

2.1
734
586
63.9
152
215
028
056
049
037,

20 18
796 864
430 320
536 328
128 78
188 198
026 023
052 046
039, 024
0.26 0.23

WS: wind speed; RH: relative humidity;

*: net radiation;

: sensible heat;

. 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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MLH observed by ceilometer/km

Figure 2. The-eomparison-Comparison of MLH between radiosondes and the ceilometer according
to visibility for convective (a) and stable (b) states, the number refers to the ratios of PM, 5 and PMy,
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MLH observed by ceilometer/km

Figure 3. The-comparison-Comparison of MLH between radiosondes and the ceilometer according
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Figure 4. The-comparison-Comparison of MLH between radiosondes and the ceilometer according
to veeter-winds-wind vectors for convective (a) and stable (b) states.
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Figure 5. The-virtuat-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-Comparison of MLH between the ceilometer and radiosondes for con-

vective (a) and stable (b) states.
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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 15™ July 2009 and ended on 16™ 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 pm) 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 PM;s and PM;, was used as an
index. If there was no sand-dust crossing, the ratio of PM,s to PM;y might
almost exceed 50% (Liu et al., 2014). A sudden decrease in the ratio to 30 % or
lower and PM;, concentration higher than 500 pg m> usually indicate a
sand-dust crossing. The ground observations of PM; s and PM;, 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 Dbi-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 PM; s/PM;, 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

* (28259,5f1):

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 PM; s to PM;, 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 PM;,s to PM;, 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.
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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:

dz; _ wiBs—wry

ot ym ©)
where z; is the MLH (m), t is the time (s), 0 is the virtual potential temperature
near the ground (K), 0, is the virtual potential temperature in the top of the
mixing layer (K), and v is the lapse rate of the virtual potential temperature (K
m™). Suppose the heat from the ground is the only way to warm the mixing layer
and the heat flux at height z is zero, then the MLH is related to w'65;.
Considering that Qg is defined as equation (1), MLH is correspondingly related
to Qu. Therefore, the relationship between daily changes in the Qy at 280 m and
MLH was analysed. The results showed that the average Qu 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 Qu, Qg, and soil heat flux
(Qg) given as follows (Stull, 1988):

Q" =0Qy+Que + Qg @)

the strong correlation between the Qu 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 1s 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.
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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...":
"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

should be re-phrased, maybe just

(eiw’e{,) and the momentum flux generated by wind shear (—u’W’Z—Z) (Stull,

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. 9¢, 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 S5km<Vis<lOkm and 3km<Vis<Skm 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<l0k 3km<Vis<Skm 2km<Vis<3km Vis<2km
m

WS(m/s) 3.8 2.5 2.1 2.0 1.8
RH(%) 433 63.1 73.4 79.6 86.4
MLH(m) 664 671 586 430 320
Q*(W/m?) 77.6 74.6 63.9 53.6 32.8
Qe(W/m?) 18.7 19.9 21.5 18.8 19.8
Qu(W/m?) 20.4 19.7 15.2 12.8 7.8
&(m%/s”) 0.99 0.64 0.56 0.52 0.46
u(m/s) 0.45 0.32 0.28 0.26 0.23
BT(m%/s*) 0.67 0.64 0.49 0.39 0.24
ST(m?/s%) 1.02 0.66 0.37 0.26 0.23

WS: wind speed; RH: relative humidity; Q*: net radiation; Qg: latent heat; Qp:
sensible heat; & 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, Qy, Qg, 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
Qu, u- and TKE were the highest, averaging 20.4 W m'z, 0.45 m s'], and 0.99 m’
s, 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 and 0.64 m” s, respectively, with a reduction
of approximately 30%; the Qy and MLH were 19.7 W m™ 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 Qy 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™',
respectively; TKE was 0.56, 0.52, and 0.46 m” s, respectively; Qg was 15.2, 12.8,
and 7.8 W m?, 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 pg m™) 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 40<RH<5 50<RH<6 60<RH<7 70<RH<8 80<RH<9 RH>9
0 0 0 0 0 0 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.
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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.

References

China Meteorological Administration (CMA). Observation and forecasting levels of
haze. QX/T 113-2010, Beijing, 2010.

China Meteorological Administration (CMA): sand-dust weather almanac (2009),
China Meteorological Press, Beijing, 2012.

China Meteorological Administration (CMA): sand-dust weather almanac (2010),
China Meteorological Press, Beijing, 2013.

China Meteorological Administration (CMA): sand-dust weather almanac (2011),
China Meteorological Press, Beijing, 2014.

China Meteorological Administration (CMA): sand-dust weather almanac (2012),
China Meteorological Press, Beijing, 2015.



Ding, G. A., Chen, Z. Y., Gao, Z. Q., Yao, W. Q., Li, Y., Cheng, X. H., Meng, Z. Y., Yu,
H. Q., Wong, K. H., Wang, S. F., and Miao, Q. J.,2005. Vertical structures of PM10
and PM2:5 and their dynamical character in low atmosphere in Beijing urban areas,
Sci. China Ser. D-Earth Sci., 35, 31-44.

Eresmaa, N., Karppinen, A., Joffre, S. M., Risdnen, J., and Talvitie, H.: Mixing height
determination by ceilometer, Atmos. Chem. Phys.,, 6, 1485-1493,
doi:10.5194/acp-6-1485-2006, 2006.

Hu, B., Wang, Y. S. and Liu, G. R.: Relationship between net radiation and broadband
solar radiation in the Tibetan Plateau. Adv. Atmos. Sci., 29(1), 135-143, doi:
10.1007/s00376-011-0221-6, 2012.

Liu, Z, Hu, B., Wang, L., Wu, F., Gao, W.,, and Wang, Y.: Seasonal and diurnal
variation in particulate matter (PM10 and PM2.5) at an urban site of Beijing: analyses
from a 9-year study, Environ. Sci. Pollut. R., 22, 627-642, 2015.

Muiioz Ricardo C. and Undurraga Angella A., 2010: Daytime Mixed Layer over the
Santiago Basin: Description of Two Years of Observations with a Lidar Ceilometer. J.
Appl. Meteor. Climatol., 49, 1728—-1741.

Seibert Petra, Beyrich Frank, Gryning Sven-Erik, Joffre Sylvain, Rasmussen Alix,
Tercier Philippe, Review and intercomparison of operational methods for the
determination of the mixing height, Atmos. Environ., 34(7), 2000, 1001-1027.

Song Tao, Wang Yuesi, Carbon dioxide fluxes from an urban area in Beijing,
Atmospheric Research, 106, 2012, 139-149,
http://dx.doi.org/10.1016/j.atmosres.2011.12.001.

Stull, R.B., 1988. An Introduction to Boundary Layer Meteorology. Kluwer Academic
Publishers, Dordrecht, 665 pp.

Wiegner, M.,Madonna, F, Binietoglou, I., Forkel, R., Gasteiger, J., Gei}, A.,
Pappalardo, G., Schéfer, K., and Thomas, W.: What is the benefit of ceilometers for
aerosol remote sensing? An answer from EARLINET, Atmos. Meas. Tech., 7,
1979-1997, doi:10.5194/amt-7-1979-2014, 2014.

Zhang Qiang, Quan Jiannong, Tie Xuexi, Li Xia, Liu Quan, Gao Yang, Zhao Delong,
Effects of meteorology and secondary particle formation on visibility during heavy
haze events in Beijing, China, Sci of The Total Environ., 502(1), 2015, 578-584,
http://dx.doi.org/10.1016/j.scitotenv.2014.09.079.




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; Miinkel 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).
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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 PM 10 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 PM;s and PM;, was used as an
index. If there was no sand-dust crossing, the ratio of PM,s to PM;y might
almost exceed 50% (Liu et al., 2014). A sudden decrease in the ratio to 30 % or
lower and PM;, concentration higher than 500 pg m™ usually indicate a
sand-dust crossing. The ground observations of PM; s and PM;, 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 PM;s to PM; 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:

dz; _ wiBs—wr0y

ot ym ©)
where z; is the MLH (m), t is the time (s), 0 is the virtual potential temperature
near the ground (K), 0, is the virtual potential temperature in the top of the
mixing layer (K), and v is the lapse rate of the virtual potential temperature (K
m™). Suppose the heat from the ground is the only way to warm the mixing layer
and the heat flux at height z; is zero, then the MLH is related to w’—B’s
Considering that Qg is defined as equation (1), MLH is correspondingly related
to Qu. Therefore, the relationship between daily changes in the Qy at 280 m and
MLH was analysed. The results showed that the average Qu 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 Qu, Qg, and soil heat flux
(Qg) given as follows (Stull, 1988):

Q" =0Qy+Que+ Qg @)

the strong correlation between the Qq 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 Ov is the virtual potential temperature, g is the acceleration of gravity (m
s'z), p is the air density (kg m™), u is the horizontal velocity (m s1), w is the
vertical velocity (m s, p is the air pressure (Pa), z is the height (m), e is the TKE
(m2 s'z), ¢ is the dissipation term of TKE (m’ s).

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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