Dear Reviewer,

Thank you very much for your help with our paper. We have adopted all
your suggestions, carefully revised the paper according to your
requirements and responded to your comments one by one in the

attachment.

Thank you again.

Yours sincerely,

Yu Shi (first author)

Fei Hu (corresponding author)



® Editor’s comment:

First of all, I commend the authors for seriously considering many of the
comments on the previous version of the manuscript. It is clear that the authors have
taken much time and effort to improve the quality of the paper and addressed many of
the concerns I have initially raised. However, there are still several outstanding issues
in the manuscript that remain before this paper is acceptable for final publication in
AMT. I recommend that this paper can be reconsidered for acceptance pending the
following concerns are adequately addressed. The readability of this paper would also
benefit from extensive English editing.

Response:

We have carefully revised and improved the English expression of the paper. Other
specific responses are as follows.

® Major comment:

The methodology for determining the ABL height from the WPR is still not
appropriate to use for the boundary-layer types here. The method used only applies to
LLJ situations wherein there is strong and nearly linear wind shear from the surface to
the LLJ nose (see the Banta, 2008 paper). In the profiles shown in Figs. 6/7, the wind
maxima is generally disconnected from the surface as indicated by the low-wind speeds
between the surface and 200-500m, above which the wind speed increases with heights.
Thus these low-level wind maxima are likely not boundary-layer phenomena, and the
WPR method is inappropriate to use to determine the ABL height. Given this limitation,
it would be best to eliminate the WPR ABL height analysis from the manuscript as the
methodology is not appropriate in this environment. At the very least, the authors need
to directly address this in the manuscript when describing the technique and again when
describing the results as a likely reason for why the WPR ABL height is such an outlier
compared to the radiosonde and lidar heights.

Response:

It is very common to determine the ABL height according to the wind. However,
due to the wind randomness, there are many methods, such as the height where the wind
direction changing into geostrophic wind in the free atmospheric, the low-level jet
height or obvious wind profile “big nose” height, the maximum wind shear height (in
daytime convective mixing layer) and so on. In this paper, only a few moments have
reached the low-level jet standard and the wind speed below 500 m is relatively small.
We adopt the reviewer's opinion, after careful consideration, we have removed the
discussion on the ABL heights determined by wind profiler radar (WPR). But due to
the important role of wind structure in the pollution situation, this paper still retains the
related analysis of wind structure evolution. In view of this, the abstract, conclusion
and section 3.4 in this paper have been revised greatly and we have used the red font to
represent the part deleted and blue font to represent the text revised.



® Specific comments:

a) Fig. 1: It would be helpful to put a box around the geographical area in panel (a)
that shown in panel (b).

Response:

Thanks for the suggestion. We have redrawn the Fig. 1
7 ~ o //N’ (b) . - —

Figure 1 in the revised version.
b) P. 4 line 12: Add a sentence or two here discussing the blind zone/minimum range
of the lidar and at what height the lidar data is first reliable.

Response:

The explanation for the blind zone/minimum range of lidar and the reliability of
lidar data is essential, and we adopt the advice of reviewer. Related discussions “The
blind zone of the Lidar is about 90 m, and Lidar signals are not reliable below 250 m
because of the incomplete transmitter-receiver overlap.” have been added in P.4 line.12
in the revised paper.

C) P.10line 10 — P.11 line 2: Please clarify the statements “If we were to ... based on

the Lidar system.” This reader is unsure what exactly the authors are referring to. I
believe the authors are simply stating that the lidar ABL height is unreliable when
there was little pollution in the air, which this reviewer agrees with given the data
shown in Fig. 4.

Response:

The original statement is really not clear enough. We have revised it as follows:
“The ABL heights derived from extinction coefficient observed by Lidar are unreliable
when there was little pollution in the air” in P.10 line. 10.

® Kditorial corrections:

a) P.2 line 30: Change ‘basically stable’ to ‘often stable’.

Response:



We have changed ‘basically stable’ to ‘often stable’ in P.2 line 30 in the revised
paper.

b) P.5 line 15 and throughout: When ranges are given, use a dash (-) instead of a tilde,
i.e. 200-300 instead of 200~300.

Response:

We have revised those expressions in the revised paper and will keep this writing
way in the future. Thank you for very much your advice.



10

15

20

Multiple technical observations of the atmospheric boundary layer
structure of a red warning haze episode in Beijing

Yu Shi!?, Fei Hu'?, Guanggiang Fan?, and Zhe Zhang'*

''State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry, Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing 100029

2University of Chinese Academy of Sciences, Beijing 100049

3Key Laboratory of Environmental Optics and Technology, Anhui Institute of Optics and Fine Mechanics, Chinese Academy
of Sciences, Hefei 230031

Correspondence: F.Hu (hufei @mail.iap.ac.cn)

Abstract. The study and control of air pollution involves measuring the structure of the atmospheric boundary layer (ABL) to
understand the mechanisms of the interactions occurring between the atmospheric boundary layer and air pollution. Howevet;

- Beijing, the capital of

China, experienced severe levels of haze pollution in December 2016, and the city issued its first red air pollution warning of
the year (the highest PM, 5 concentrations were later found to exceed 450ug m—3). In this paper, the vertical profiles of wind,
temperature, humidity and the extinction coefficient (reflecting aerosol concentrations) as well as ABL heights and turbulence
quantities under heavy haze pollution conditions are analyzed, with data collected from Lidar, wind profile radar (WPR),
radiosonde, a 325-meter meteorological tower (equipped with a 7-layer ultrasonic anemometer and 15-layer low frequency
wind, temperature and humidity sensors) and ground observations. The ABL heights obtained by three different methods
based on Lidar extinction coefficient data (H.) are compared with the heights calculated from radiosonde temperature data
(Hy), and-from-WPR-wind-speed-data(Hy) and their correlation coefficient can reach 72 %. Our results show that Hy measured
on heavy haze pollution days were generally lower than those measured on clean days without pollution, but H, was increasing
from clean to heavy pollution days. The time changes in friction velocity (u.) and turbulent kinetic energy (TKE) were clearly
inversely correlated with PMs 5 levels. Momentum and heat fluxes varied very little with altitude. The nocturnal sensible heat
fluxes close to the Earth surface always stay positive. In the daytime of the haze pollution period, sensible heat flux were greatly
reduced within 300 meters from the ground. These findings will deepen our understanding of the boundary layer structure under

heavy pollution conditions and improve the boundary layer parameterization in numerical models.

1 Introduction

Air pollution has an important impact on human health, weather, climatic patterns and the ecological environment (Seinfeld and
Pandis, 1997; Brook et al., 2004; Ding et al., 2013; Wang et al., 2014a; Zhang et al., 2015a). The pollutants emitted as a result
of human activities are mainly confined to the atmospheric boundary layer (ABL), which is the lowest part of the troposphere

and is approximately 1—2 km from the ground. In particular, fog and haze, which have a strong influence on visibility and air
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quality levels, mainly occur in the ABL (Cao et al., 2004; Chan and Yao, 2008; Fu et al., 2008; Liu et al., 2012). Because the
formation, evolution, and diffusion of air pollutants are closely related to ABL structures and turbulence characteristics (Zhang
etal., 2011; Wei et al., 2018), research on the ABL is important for understanding air pollution mechanisms and for developing
pollution control strategies. On the other hand, the relationships between the ABL and atmospheric pollution are very complex
and involve multiscale nonlinear physical and chemical processes; thus, both theoretical research and numerical simulations
have encountered difficulties (Sun et al., 2013; Huang et al., 2014; Wang et al., 2014b; Miao et al., 2018). Therefore, it is very
necessary to obtain first-hand information from observation experiments. Because of the Earth’s rotation, the ABL presents
strong diurnal variation, leading to the formation of many different layers in the boundary layer. The mixing layer accounts for
a large proportion of the ABL in the deep convective boundary layer, and at present, the height of the mixing layer is equivalent
to the height of the ABL. Pollutants emitted into the ABL can reach a certain height through turbulent vertical mixing processes
(Emeis and Schifer, 2006), making it possible to determine the ABL height from the concentration of pollutants. The top of
the mixing layer exhibits capping inversion. Due to a change in the surface net radiation occurring at night, a stable boundary
layer begins to form at night because of the cooling effect of the ground surface, and the surface inversion layer is nearest to the
ground. The nocturnal stable boundary layer is often accompanied by a residual layer that maintains the characteristics of the
daytime mixing layer (Stull, 1988). The ABL height is closely related to air pollution, but it is not the only factor that shapes air
quality. Pollution conditions are also affected by wind speeds, emissions, chemical processing, etc. (Schifer et al., 2006; Gei/3
et al., 2017). Some works have compared ABL heights based on lidar and radiosonde data, and the correlations between them
are stronger under unstable conditions (Emeis and Schifer, 2006; Martucci et al., 2006). Howeverfor-ABLheights-determined

Regarding air pollution, many observational experiments have been conducted internationally, especially with reference
to air pollution in the ABL over urban areas (i.e., the urban boundary layer). Examples of such projects include European
Cooperation in the Field of Scientific and Technical Research, abbreviated as COST715 (Fisher et al., 2001); URBAN 2000,
a major urban tracer and meteorological field campaign conducted in Salt Lake City, Utah, in October 2000 (Allwine et al.,
2002); Joint Urban 2003, a field experiment conducted in October 2003 in Oklahoma City (Wang et al., 2007); MIRAGE
2006, Megacity Impacts on Regional and Global Environments (Lance et al., 2012); and SUREF, the Study of Urban impacts on
Rainfall and Fog/haze (Liang et al., 2018).

A meteorological tower serves as one of the best platforms from which to detect the ABL structure under conditions of
atmospheric pollution (Quan and Hu, 2009; Sun et al., 2015; Ren et al., 2018). Although the height of such a tower is limited,
the boundary layer is often stable when heavy pollution occurs, and the ABL height is low, so it is easy to measure from a tower.
Conventional meteorological and turbulence instruments installed at different heights above a meteorological tower can obtain
information on stable boundary layer structures and turbulence diffusion parameters (Katul et al., 1995). Traditional detection
methods include tethered balloon, radiosonde, WPR tools, which can detect higher heights (Grimsdell and Angevine, 1998;
Andreas et al., 2000; Kalapureddy et al., 2007; Li et al., 2015; Han et al., 2018). In recent decades, aerosol laser radar (Lidar)

has been used increasingly extensively. It can be used to retrieve the vertical distribution of particles from Lidar backscattering
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data (Wang et al., 2012; Summa et al., 2013; Jiannong et al., 2013; Bravo-Aranda et al., 2017). It is impossible to obtain
information on the boundary layer structure and on the interrelationships between pollutants found in atmospheric pollution
(especially in heavy haze) unilaterally by means of the above-mentioned technical techniques, and it is necessary to carry out
comprehensive observations simultaneously.

From 14 to 22 December 2016, Beijing, the capital of China, experienced a period of severe haze pollution. The government
issued its highest air pollution warning (red alert) during this period. Beijing is a densely populated city covering an area of
approximately 396 square kilometers (see Fig.1b). Despite strong pollution control measures taken by the government, the
average PM; 5 concentration per hour rose from 20g m—3 to more than 450g m~3 (see Table.1) in just five days. What are
the mechanisms of episodes of such severe air pollution? Addressing this question requires conducting a comprehensive and
in-depth analysis of weather conditions, pollutant emissions, regional transport processes and physicochemical transformation
mechanisms and of interactions between haze and boundary layer structures (Huang et al., 2014; Sun et al., 2014; Ding et al.,
2016). Some previous studies have been conducted on haze events in the Beijing area (Li et al., 2017; Sheng et al., 2018; Wang
et al., 2018), especially physical and chemical mechanism analyses based on comprehensive observation data from tall towers
(Sun et al., 2006; Guo et al., 2016).

The purpose of this paper is to use multiple technical observational data to analyze the vertical structure and turbulence
properties of the atmospheric boundary layer during heavy pollution, particularly comparing the differences in the boundary
layer height obtained by different methods and calculation schemes. The observation data are mainly from high meteorological
tower, Lidar, WPR and radiosonde, as well as related the satellite images, surface meteorology and air pollution observations.
After briefly introducing the background weather conditions, observation sites, instruments and data, we analysed the vertical
distribution of wind, temperature, humidity and extinction coefficients, the multi-layer measurement of turbulence on a 325 m
high tower, and the characteristics of boundary layer height in the process of severe air pollution development. Further research

work in the future is also discussed.

2 Observation sites, instruments and data

The ABL observation data used for this paper mainly cover three locations in Beijing. The first area is located at the Institute of
Atmospheric Physics (IAP) of the Chinese Academy of Sciences, where there are a 325 meter high meteorological tower and
a Lidar. The second is positioned approximately 600 meters away from the east side of this tower where a wind profile radar
(WPR) system is based. The third area is the observatory of the Beijing Meteorological Bureau, which is approximately 20
kilometers away from the tower. Conventional ground meteorological observations and radiosonde data from the WMO station
are used (ZBAA in Fig.1b). The above observation sites are shown in Figure 1b. The topography around Beijing is also given

in Figure 1a. We use local station time in this work, and the observational instruments and data employed are as follows:
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Figure 1. Local topography of Beijing and of its surrounding area (a). The locations of observation sites in Beijing (b): red circle: IAP
(Lidar), blue circle: ZBAA radiosonde observation station, cyan circle: pollution observation station (OSCS) positioned approximately 2 km

northeast of the Lidar. Beijing is a densely populated city covering an area of approximately 396 square kilometers.

1) The IAP’s meteorological tower is positioned 49 meters above sea level, is 325 meters tall, and is located at (39°58’N,
116°22°E) between the Beijing North Third Ring Road and North Fourth Ring Road. A total of 15 observation platforms (at
8, 15, 32, 47, 65, 80, 103, 120, 140, 160, 180, 200, 240, 280 and 320 m) are set up on the tower, and wind speed (MetOne,
USA), wind direction (MetOne, USA), temperature (HC2-S3,Switzerland) and humidity (HC2-S3, Switzerland) observation
instruments are mounted onto each platform. In addition, 7 sets of three-dimensional ultrasonic anemometers (Wind Master,
Gill, USA) and water vapor / carbon dioxide analyzers (LI-7500,USA) are installed on the tower (at 8, 15, 47, 80, 140, 200
and 280 m). All turbulence data sampling frequencies are set to 10 Hz. All of the tower data are averaged for 20 minutes. A
detailed description of the meteorological tower can be found in (Al-Jiboori and Fei, 2005) and (Chen et al., 2018) and on the
website (http://view.iap.ac.cn:8080/imageview/);

2) The extinction coefficients were measured by a Lidar system (AGHJ-I-Lidar, China) installed underneath the 325 m
tower. The Lidar can provide backscattering signals at wavelengths of 532 nm and 355 nm at a vertical resolution of 7.5 m and
a temporal resolution of approximately 5—10 min. The blind zone of the Lidar is about 90 m, and Lidar signals are not reliable
below 250 m because of the incomplete transmitter-receiver overlap. Due to technical failures, Lidar data are missing for 11:00
on December 19 to 09:00 on December 20, 2016;

3) Wind speeds and wind directions were also monitored by means of WPR (Airda3000,China) during red-alert pollution
periods. In this paper, the temporal resolution of WPR is set to 5 min, and the vertical resolution is set to 50 m below 1000 m
and 90 m above 1000 m;

4) High-resolution vertical profile radiosonde data collected twice daily (08:00 and 20:00 Beijing time) were retrieved

from the University of Wyoming’s website(http://weather.uwyo.edu/) for Beijing’s meteorological observatory station, which



