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Abstract: Aerosol vertical profiling is crucial to understand the formation mechanism and evolution
processes of haze, which have not yet been comprehensively clarified. In this study, we investigated
a severe, persistent haze event in Wuhan (30.5° N, 114.4° E), China during 5-18 January 2013 by the
use of a polarization lidar, a Cimel sun photometer, meteorological datasets, and the hybrid single-
particle Lagrangian integrated trajectory (HYSPLIT) model, focusing on the time-height evolution
of aerosols in both the atmospheric boundary layer (ABL) and elevated layers. During the haze pe-
riod, the integrated particle depolarization ratio was 0.05 + 0.02, and the fine mode fraction reached
0.91 + 0.03, indicating haze particles were rather spherical and predominately submicron, that is, of
anthropogenic nature. Compared with the clear period, columnar aerosol optical depth at 500 nm
tripled to 1.32 + 0.31, and the strongest enhancement in aerosol concentration occurred from near
the ground to an altitude of 1.2 km during the haze period. The daytime evolution of aerosol vertical
distribution in the ABL exhibited a distinct pattern under haze weather. Abundant particles accu-
mulated below 0.5 km in the morning hours due to stable meteorological conditions, including a
strong surface-based inversion (4.4-8.1 °C), late development (from 1000-1100 LT) of the convective
boundary layer, and weak wind (<4 m-s™) in the lowermost troposphere. In the afternoon, improved
ventilation delivered an overall reduction in boundary layer aerosols but was insufficient to elimi-
nate haze. Particularly, the morning residual layer had an optical depth of 0.29-0.56. It influenced
air quality indirectly by weakening convective activities in the morning and directly through the
fumigation process around noon, suggesting it may be an important element in aerosol-ABL inter-
actions during consecutive days with haze. Our lidar also captured the presence of the elevated
aerosol layers (EALs) embodying regional/long-range transport. Most of the EALs were observed
to subside to <1.2 km and exacerbate the pollution level. Backward trajectory analysis and lidar data
revealed the EALs originated from the transport of anthropogenic pollutants from the Sichuan Ba-
sin, China, and of dust from the deserts in the northwest. They were estimated to contribute ~19%
of columnar aerosol-loading, pointing to a non-negligible role of transport during the intense pol-
lution episode. The results could benefit the complete understanding of aerosol-ABL interactions
under haze weather and air quality forecasting and control in Wuhan.

Keywords: haze; lidar; atmospheric boundary layer; elevated aerosol layer

1. Introduction

In recent decades, rapid urbanization, frequent industrial activities, and population
expansion have produced high levels of anthropogenic emissions over central and eastern
China. Consequently, the occurrence of haze shows a rapid increase in these regions [1],
where the average number of annual hazy days exceeded 35 in 2011. From 2010, China
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implemented active regulations such as the Clean Air Action to fight against air pollution,
and various anthropogenic emissions have been reduced since then [2]. However, haze
episodes still occur frequently over central and eastern China (e.g., [3,4]). The reason for
the contradiction may rest on the complexity of the formation mechanism and evolution
processes of haze [5-7], which has not yet been fully understood [8]. Haze can exert no-
ticeable effects on regional climate, including hydrological cycle [9] and air temperature
variations [10]. Moreover, haze pollutants such as fine particulate matter (PM2s) contain
multiple toxic compounds and can be easily inhaled into the lungs, causing damage to
human respiratory and cardiovascular systems [11,12]. To resolve the problem of air pol-
lution as well as its impacts on regional climate, it is crucial to fully understand the for-
mation and evolution of haze pollution.

Many studies have been performed to examine the above-mentioned aspects of haze
over central and eastern China. Adverse meteorological conditions in the atmospheric
boundary layer (ABL) and regional/long-range transport are well documented as two ma-
jor factors that manipulate the formation and evolution of haze events. The increase of
surface aerosol concentration is closely related to stagnant boundary-layer meteorological
conditions such as temperature inversion [13], shallow ABL [14,15], and weakened surface
wind [16]. In-depth studies revealed pronounced interactions between aerosols and the
ABL [17-19], which could have a significant influence on air quality [20]. Abundant aero-
sols under haze weather can greatly reduce surface heat flux [17] but cause substantial
heating in upper ABL [19]. Both effects further stabilize the ABL and thus worsen air qual-
ity or prolong the haze event [18]. Up to now, our understandings of aerosol-ABL inter-
actions are still very limited [21]. A key question lies in how aerosol vertical distribution
evolves with the development of the ABL [20]. Vertical distribution of multiple pollutants
and turbulent flux can be continuously collected by the meteorological tower [18], while
the detecting range (~300 m) of this instrument is too short to cover the whole ABL. In situ
aircraft measurements could capture different types of aerosol vertical distribution related
to the ABL structure [22], but they are only available in the field campaigns, and the num-
ber of samples is very limited. Light detection and ranging (lidar), yielding vertical pro-
filing of aerosol optical properties with high temporal (from seconds to minutes) and ver-
tical resolution (from meters to tens of meters), has been used to obtain timely boundary
layer height and its development [23,24]. Continuous lidar observations, therefore, pro-
vide the opportunity to gain further insights into aerosol-ABL interactions under haze
weather.

Transport could also be an important contributor to the pollution level. For example,
Wang et al. [25] simulated air quality in the North China Plain in January 2013 using the
nested air quality prediction model system and found the contribution of regional
transport to the PM2s concentration can be larger than that of local emissions. Qin et
al. [26] monitored a sustained decrease in visibility caused by the importing of aerosol
plumes during a large-scale haze event. These studies have yielded plentiful knowledge,
but great controversies exist about the significance of transport in haze pollution [27-29],
due partly to a shortage of direct observations of regional/long-range transport under
haze weather. Lidar can readily capture the time-height evolution of transported plumes
such as Asian dust [30], Californian smoke [31], and Eyjafjallajokull volcanic ash [32] in
the free troposphere. Combining lidar data with backward trajectory analysis, direct ob-
servations of transported aerosol layers regarding their intensity, vertical extent, and ori-
gins can be carried out. All the information could enhance our understanding of haze for-
mation and evolution.

Wubhan (30.5° N, 114.4° E), a highly industrialized megacity with >10 million resi-
dents, has been experiencing severe haze pollution in recent years [33]. Nevertheless, com-
prehensive studies of haze weather in Wuhan are rare [34]. Aiming at further understand-
ing of the formation mechanism and evolution processes of haze, we characterize a severe,
persistent haze episode in Wuhan in January 2013 with a polarization lidar, a Cimel sun
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photometer, meteorological datasets, and a backward trajectory model. In this study, con-
siderable attention is paid to the interpretation of aerosol-ABL interactions via aerosol
vertical profiling during the haze period. We also emphasize the process-level depiction
of how transported aerosol plumes affect local pollution levels.

2. Instruments and Data

The observation site (30.5° N, 114.4° E, 70 m above sea level) is located in the urban
area of Wuhan city. Wuhan city is situated in the Jianghan Plain in central China and has
a subtropical monsoon climate with four distinctive seasons.

2.1. Polarization Lidar

We built a zenith-angle scanning polarization lidar at our observation site in August
2012, aiming to promote the studies of aerosol typing and cloud phase discrimination in
Wuhan. A frequency-doubled Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG)
laser was employed as the lidar transmitter, producing pulses of ~60 m] at 532 nm with a
repetition of 20 Hz. The laser pulses then pass through a Brewster polarizer to improve
the polarization purity (up to 10,000:1). After beam expansion, the outgoing beam with a
divergence of 0.2 mrad was transmitted into the atmosphere. The polarized components
of elastically backscattered signals in parallel and perpendicular directions were collec-
tively received by a 200 mm diameter Cassegrain telescope. Subsequently, the backscat-
tered signals were separated using a polarization beam splitter prism (PBS). To reduce the
crosstalk between the two polarization channels, one polarizer was installed on each out-
put of the PBS. At last, the light signals were focused onto the photomultiplier tubes
(PMTs) and recorded by a PC-controlled two-channel transient digitizer (TR40-160, man-
ufactured by Licel GmbH, Berlin, Germany). The TR40-160 makes simultaneous analog
and photon counting acquisition for each channel. Either type of acquisition may suffer
from signal saturation in the lowermost troposphere or low signal-to-noise ratio at high
altitudes. Gluing was a methodology [35,36] to made full use of both photon counting and
analog signals to improve the dynamic range of lidar measurements. After gluing, we
could obtain lidar profiles with complete altitude coverage and improved dynamic range
(up to 10°). The glued data had a time resolution of 1 min and a range resolution of 3.75 m.

Both the transmitting and receiving units of the lidar system were fixed on an optical
bench, which was rotatable under the control of an electric motor. The zenith angle of the
lidar system was adjustable in the range from 0 to 70°. The zenith angle of the lidar system,
which was 29° during the entire period, was determined by comparison of backscattering
signals in the presence of aerosol layers to a reference 532 nm polarization lidar [24,37] at
our observation site. To reduce the blind area of the lidar system, the telescope was
mounted in a compact way that minimizes its distance from the optical axis of the out-
going beam. Accordingly, the full overlap between the laser beam and the receiver field
of view was achieved at 0.2 km above the ground. The detection of the nocturnal bound-
ary layer was impossible. The specifications of the polarization lidar system are given in
Table 1.
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Table 1. Specifications of the polarization lidar at our observation site (30.5° N, 114.4° E) in Wu-
han, China.

Parameter Specification
Transmitter
Laser model Continuum Inlite II-20
Wavelength 532 nm
Energy per pulse ~60 m]
Pulse repetition rate 20 Hz
Pulse width 5-7ns
Beam divergence ~0.2 mrad
Receiver
Telescope Cassegrain
Primary mirror diameter 200 mm
Field of view 1.0 mrad
PBS Tp>95%, Rs>99%
Filter bandwidth 0.3 nm
PMT Hamamatsu H10721
Other
Acquisition model Licel TR40-160
Positioning 29° off zenith

Range-resolved profiles of aerosol extinction coefficient (ata) were determined with
backward integration scheme of the iteration method proposed by Fernald and Klett
[38,39] as:
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where P(z) represents Mie backscattering signal, z. is the reference height, Bm, am, and Sm
denote molecular backscattering and extinction coefficients and extinction-to-backscatter-
ing ratio (87/3 for earth atmosphere) respectively, and S. is the aerosol extinction-to-
backscattering ratio, i.e., the lidar ratio. pm profiles were computed from radiosonde ob-
servations closest in time. Radiosonde observations were conducted twice a day at 0000
UTC (0800 LT) and 1200 UTC (2000 LT) by the Wuhan Weather Station (30.6° N, 114.1° E),
which is ~23 km away from our lidar site. Based on previous characterizations of urban/in-
dustrial aerosols [40,41], a fixed Sa of 57 sr was used in our retrieval. With the matching
method (e.g., [42]), zc was determined at between 12-15 km, where aerosol content could
be zero. To evaluate aerosol content in the upper troposphere of Wuhan, we explore Lidar
Level 3 Tropospheric Aerosol Data Product version 4.20 [43] from the space-borne polar-
ization lidar on board the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tion (CALIPSO). The globally gridded aerosol dataset has a spatial resolution of 2° (lati-
tude) x 5° (longitude) and reports monthly average cloud-free profiles of aa at —0.4-12.1
km at 532 nm (the same wavelength as our polarization lidar). Figure 1 presents the
monthly average a. profile for the nearest spatial grid (central point: 30.0° N, 112.5° E) in
January 2013. The results showed an aerosol-free region at the altitudes of 9-12.1 km. We
thus assume aa equals 0.0 at zc in the retrievals. Lower reference heights were chosen on
the occurrence of clouds, and the boundary condition was determined according to adja-
cent cloud-free profiles. It is worth noting that o retrievals rapidly lose their dependence
on the initial guess of the backscattering parameters at the reference height under haze
weather. As mentioned by Bitar et al. [44], the uncertainty in aa was induced by the noise
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in P(z), selection of S, and uncertainties concerning the boundary condition [44]. The de-
tailed error analysis was given by Comeron et al. [45] and Zhuang and Yi [37]. In our
retrievals, the time and range resolutions of the lidar data were degraded to 5 min and 30
m, respectively, to reduce the noise in P(z). Finally, the overall uncertainty in aa was esti-
mated to be 15-20% if we assume an uncertainty of 10% in S. and 0.0075 km™" (for cloud-
free profiles) or 15% (on the occurrence of cloud) in a. at the reference heights.

Since the perpendicular- and parallel-polarized channels of the lidar system had dif-
ferent responses, the gain ratio between the two channels needed to be determined to ob-
tain the volume depolarization ratio. The gain ratio was determined by using the +45°
method proposed by Freudenthaler et al. [46], which was 0.071 for our lidar system during
the observation period. The volume depolarization ratio (dv) was obtained based on the
following expression [47]:

dy=k5— 2)

where P, and P, represent the backscattering signals of the parallel- and perpendicu-
lar-polarized channels, respectively, and k denotes the gain ratio. The particle depolariza-
tion ratio (da) could be then derived according to the following equation:

3, (R+Rdy, - 0) - O
a7 R-1+Rd, -0,

©)

where R is the aerosol backscatter ratio, and dm is the molecular depolarization ratio,
which is 0.004 for our lidar system based on the calculation described by Behrendt and
Nakamura [48]. da strongly depends on the morphology of aerosols since non-spherical
particles would create depolarization into the Mie backscattering signals [47]. The pure
dust particles could have da values of 0.28-0.35 [41,49], while 0. is close to zero for liquid
aerosol droplets [50]. Typical values of 0.03-0.06 were measured for worldwide anthro-
pogenic aerosols [41,51,52].

15 Ve

12 I

Altitude / km

0

00 05 1.0 15 20 25 3.0
CALIPSO 582 nm ez, / km™

Figure 1. Monthly average profile of 532 nm aa in January 2013 for the spatial grid (central point:
30.0° N, 112.5° E) from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) Lidar Level 3 Tropospheric Aerosol Data Product version 4.20. An aerosol-free region
(at the altitudes of 9-12.1 km) is identified.
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2.2. Sun Photometer

A sun-sky scanning spectral photometer (CE318N-EBM9, manufactured by Cimel
Electronique, Paris, France) was installed on the roof of the building at our observation
site in April 2008 and has been in continuous operation since then. It measures direct solar
irradiance at 340, 380, 440, 500, 675, 870, 936, 1020, and 1246 nm every 15 min. These solar
measurements were applied to calculate the aerosol optical depth (AOD or t.) at each
wavelength by using the Beer-Lambert law except for the 936 nm channel, where strong
water vapor absorption exists.

Routine calibration of the direct solar channels of our photometer was performed
every 6-12 months by the use of the Langley plot technique [53]. The AOD uncertainty
due to calibration was ~0.015 at 440-1020 nm and ~0.035 for the 340-380 nm channel under
the optical air mass of 1.0. These values were slightly higher than or of the order of the
total uncertainty (0.01-0.02) in AOD from the Aerosol Robotic Network (AERONET) field
instruments [54]. Note that the total uncertainty in the AOD measurements from Cimel
sun photometry was due primarily to the calibration [55]. AOD uncertainty due to cali-
bration, according to the Beer-Lambert law, shrinks under higher solar elevation angles.
A cloud screening procedure [56] was adopted to eliminate cloud contamination in the
data. Only calibrated and cloud-screened AODs were used in this study.

Following the spectral deconvolution algorithm [57,58], we retrieved columnar fine
(Tasoor) and coarse mode (Tasooc) AOD as well as the fine mode fraction (FMF) of AOD at 500
nm. The spectral AODs used as input to the algorithm were limited to the six Cimel wave-
lengths ranging from 380 to 1020 nm.

2.3. Meteorological Datasets

The  Global Surface Summary of the Day (GSOD)  dataset
(https://www.ncei.noaa.gov/access/search/data-search/global-summary-of-the-day)  is
regularly compiled by the National Oceanic and Atmospheric Administration (NOAA)'s
National Centers for Environmental Information (NCEI) and archives up to 18 surface
meteorological variables from over 9000 stations located around the world [59]. Surface
meteorological variables, including pressure, visibility, temperature, dew point, and wind
speed, are provided as daily averages after extensive quality control. Weather indicator,
a six-digit binary number that indicates whether rain, snow, hail, fog, thunder, or tor-
nado/funnel cloud occurs during the day, is also archived. Based on the values of the vis-
ibility, calculated relative humidity (RH), and weather indicator for each record, we clas-
sify the weather as clear, haze, fog, or precipitation. The weather was considered as “pre-
cipitation” if rain, snow, or hail was reported. A clear day was defined when the visibility
was greater than 10 km (e.g., [60]). The non-precipitation weather with visibility lower
than 10 km could be caused by the occurrence of haze or fog. The difference between the
criteria of haze and fog resided mainly in the humidity level. Here, we defined the low-
visibility weather with RH no more than 80% as haze (e.g., [61]) and higher RH as fog,
respectively.

The GSOD data from 268 stations over central and eastern China (100-125° E, 22.5-
45° N) were used in this study. Figure 2 shows the locations of the GSOD stations and our
observation site. Wuhan GSOD station was ~31 km away from our observation site.
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Figure 2. (a) Locations of the 268 GSOD stations (blue dots) over central and eastern China (100-125° E, 22.5-45° N) and

Wuhan city (red asterisk).

(b) Locations of our observation site (red pin), GSOD station (yellow pin), and radiosonde

station (blue pin) in Wuhan city. The image in panel (b) is reproduced with permission from Google Inc., 2020.

Radiosonde observations deliver vertical profiles of pressure, temperature, relative
humidity, and wind from the surface up to a height of ~30 km twice a day. They could
provide many atmospheric thermodynamic characteristics/processes, such as tempera-
ture inversion in the upper air of Wuhan.

We used the ERAS5 reanalysis [62] to examine the ventilation conditions over central
and eastern China. The ventilation coefficient (V.), defined by the product of atmospheric
boundary layer height and surface wind speed [63], is a significant parameter in deter-
mining pollution potential over a region of interest since it indicates the ability of the at-
mospheric boundary layer to diffuse pollutants in both the horizontal and vertical direc-
tions [64]. In this study, two variables from ERA5 reanalysis, i.e., the boundary layer
height and 10 m wind speed, were multiplied to construct the ventilation coefficient over
central and eastern China following Rigby et al. [65]. ERAS5 applies the Integrated Forecast
System (IES) cycle 4112 of the European Center for Medium-Range Weather Forecasts
(ECMWEF) with 4-dimensional variational analysis. It provided hourly estimates of the
atmosphere on a 0.25° x 0.25° horizontal grid. As of May 2020, the first segment of the
ERAS reanalysis dataset was available from 1979 to the near present.

2.4. Backward Trajectories

The HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [66]
is developed by NOAA’s Air Resources Laboratory (ARL). HYSPLIT employs a hybrid
between the Lagrangian approach and the Eulerian methodology in the calculation. It has
been extensively used to simulate the transport and dispersion of atmospheric pollutants
(e.g., [67]). In this study, the 72 h backward trajectories were calculated by using HYSPLIT
version 4 to investigate the origins and transport pathways corresponding to the lidar-
detected elevated aerosol layers. The source location was set at our observation site (30.5°
N, 114.4° E). For each trajectory, the ending time and altitude were chosen by inspection
of lidar ot profiles. Meteorological fields used to drive the model were generated from the
global data assimilation system (GDAS), and they had global coverage with a spatial res-
olution of 1° and temporal resolution of 3 h. HYSPLIT could be run interactively on the
web release (https://ready.arl.noaa.gov/hypub-bin/trajasrc.pl) with no restrictions in the
computation of backward trajectories. In practice, the web release of the model was ap-
plied with “GDAS (1 degree, global, 2006-present)” being selected in the “Meteorology”
menu.
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3. Results
3.1. Meteorological Background

Figure 3 shows the time series of the daily average of surface temperature, pressure,
relative humidity, wind speed, visibility, and PM2s mass concentration from 30 December
2012 to 20 January 2013 in Wuhan. The PM2s mass concentration data were from the Wu-
han Ecological Environment Bureau, and the other meteorological parameters were all
obtained from the GSOD dataset. As seen from Figure 3c, the visibility was between 12
and 14 km, and the mass concentration of PMzs was less than 80 pg-m= from 30 December
2012 to 1 January 2013. These three days were characterized as one clear period. The PM2s
mass concentration increased gradually from 3 January 2013, accompanied by a sustained
degradation in the visibility. Accordingly, Wuhan witnessed the buildup and develop-
ment of one haze episode during 5-8 January. The pollution level reached its summit on
10-12 January, when the PMas mass concentration was between 270 and 310 pg'm™ and
the visibility was less than 4 km. Severe haze continued to linger over Wuhan in the fol-
lowing days until the precipitation during 19-20 January ended the haze event. Through-
out the 14-day-long haze period, the relative humidity was between 50 and 75%, and wind
speed was mostly lower than 2 m-s™! (Figure 3b).

10 T T T T 3 T T T T T T T 1040
(@)
O ©
~ r o
© 5r 41030 <
=1 r g
@ F 73
g of 41020
5 I a
'_
-5 L1 L I L L 1010
100 T T T T T T T T T T T T 8
= (b) -
|
= 4
S £
1S ]
= (0]
T 2
Q @
5 E
T 2
O Il 1 Il Il 1 Il 1 L Il 1 O
20 1400
15 | 1300
£ =
- o
210 | {200 X
2 | S
> H J
5F 100 %
0 L 1 1 1 1 1 1 1 1 1 1

1
o®

| 1 1
o 0’\\'\/l Ncs
A
N

1
&
N
© ,29\'5\ ,LQ\%\

Il
-
o\ |

1 1

o©
N
,LQ\%\ 10\5

1 ) 1 1
QP |
S°

’29\6\ 'LO\%\

Figure 3. Daily average of surface (a) temperature and pressure, (b) relative humidity and wind
speed, and (c) visibility and PM25 mass concentration from 30 December 2012 to 20 January 2013
in Wuhan. The horizontal dashed lines in panel (b,c) indicate relative humidity and visibility,
which are equal to 80% and 10 km, respectively. The clear and haze period are marked in panel (c)
for further discussions. The shades in panel (c) indicate the intervals when lidar observations are
available.



Atmosphere 2021, 12, 152 9 of 26

3.2. Vertical Extent, Optical and Microphysical Properties of Haze Particles

In total, 624 and 1491 profiles (5 min/30 m resolution) of aerosol extinction coefficient
(ata) and volume depolarization ratio (dv) were obtained by the lidar during the clear and
haze period, respectively. The time-height contour plots of aa and dv, as well as columnar
total, fine and coarse mode AODs at 500 nm obtained from the sun photometer, are shown
in Figure 4. As seen in Figure 4a, columnar AOD at 500 nm (Tas00) was 0.41 + 0.04 during
the clear period. Coarse mode aerosols (tasooc = 0.20 + 0.02) shared a proportion almost
equivalent to that of fine mode (Tasoor = 0.20 + 0.04). During the haze period, Tas0 tripled to
1.32 + 0.31, whereas coarse mode aerosol-loading (Tasooc = 0.11 + 0.03) was interestingly
smaller than that during the clear period. That is, fine mode AOD increased by as large as
1.0 on average, suggesting a massive load of submicron particles in the columnar atmos-
phere. Lidar observations showed consistently high aa values (0.3-3.0 km™) below 1.2 km
on these polluted days. Conversely, aa was no more than 0.3 km™ throughout the clear
period. The convective boundary layer heights were only several hundred meters during
the haze period, while aerosol-rich altitudes frequently extended to >1 km in the presence
of the residual layers. In the free troposphere, elevated aerosol layers (EALs), which can
be identified by stronger extinction and different scenarios of depolarization compared to
the background atmosphere, were visible in the lidar image (Figure 4b,c). Our lidar cap-
tured 9 EALSs for the entire period. The EALs had extinction maximums of 0.08-0.43 km™!
and could extend up to an altitude of 4.0 km. Several clouds caused quick attenuation of
laser energy, and thereby, no reliable retrievals were available inside and above them.

Clean o Haze
25 [ o _
_(a) - « -TJotal - - -Finemode - - -Coarse mode
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Figure 4. (a) Time series of sun photometer columnar total (black dots), fine (red dots) and coarse mode AOD (blue dots)
at 500 nm. Time-height plot of (b) the aerosol extinction coefficient () and (c) volume depolarization ratio (dv) at 532 nm
from lidar measurements during the observation period. In panel (b), the 9 elevated aerosol layers are indexed with num-
bers above them, and several clouds are indicated. The convective boundary layer heights are retrieved with the variance
method [24] using lidar signals and plotted in panel (b) as the black curve with dots.

To further validate lidar aerosol retrievals, we compared lidar-derived ta with coin-
cident sun photometer measurements. Figure 5a gives the time series of lidar-derived and
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sun-photometer-measured AOD (ta) at 532 nm for the entire period. Lidar 1. were ob-
tained by integrating aa profiles from the ground up to 12 km when possible. Within the
lidar blind area (below 0.2 km), no height variation of ata was assumed. Above 12 km, the
amount of aerosol-loading was negligible. Sun photometer 1. were interpolated to the li-
dar wavelength (532 nm) with the Angstrom relationship [68], and the Angstrom expo-
nent was computed from linear regression of In ta versus In A at 440, 500, 675, and 870 nm.
As seen in Figure 5a, lidar-derived ta closely followed the fluctuations of sun photometer
measurements, but with higher availability and finer temporal resolution. For the entire
period, there are 124 pairs of concurrent lidar and sun photometer ta. Linear regression
analysis showed the coefficient of determination (R?) and root-mean-square-error (RMSE)
were 0.84 and 0.10 (Figure 5b), respectively, indicating good agreement between the two
datasets. Figure 5a also suggested notable temporal variations in ta during the haze pe-
riod. For example, lidar-derived (sun-photometer-measured) ta fell from 1.20 (1.26) at
1200 LT to 0.86 (0.91) at 1530 LT on 10 January 2013. Lidar ta continued to decrease to 1945
LT when it was only 0.35. Reversely, lidar-derived (sun-photometer-measured) t. had a
drastic increase from 0.93 (0.90) at 1201 LT to 1.16 (1.28) at 1446 LT on 12 January. The
variability may imply the complex processes involving such as dispersion, transport, and
sedimentation of aerosol particles [69].
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Figure 5. (a) Time series of lidar-derived and sun-photometer-measured aerosol optical depth (AOD) (ta) at 532 nm for
the entire period. The two black arrows in panel (a) indicate two examples of notable temporal variations of aerosol-
loading during the haze period. (b) Scatterplot of concurrent lidar and sun photometer = measurements. Results from
linear regression of them are annotated at the upper-left corner of panel (b) and indicate good agreement between the two

datasets.

Figure 6 presents the time series of the fine mode fraction (FMF) from sun photometer
measurements and the integrated particle depolarization ratio (da_) inferred from the li-
dar during the observation period. da_d is calculated as the backscatter-weighted average
of da across the atmospheric column following Vaughan and Powell [70] and Noh et
al. [71]. It thus has the same implication as 0a but for columnar aerosols. During the clear
period, FMF ranged from 0.40 to 0.61, indicating the coexistence of coarse and fine mode
particles. Meanwhile, da_i hovered between 0.07-0.10. These depolarization values were
higher than those for urban/industrial aerosols (<0.06) in Southeast Asia [51] but smaller
than those for pure dust (0.28-0.34) detected over Asian dust source regions [49]. Wuhan
is susceptible to irregular-shaped, large dust aerosols transported from the Taklamakan
and Gobi deserts, especially in spring and winter [72]. The intense construction of sub-
ways may also produce some soil dust in the urban area and suburbs of Wuhan. There-
fore, the scenario during the clear period was attributed to a mixture of dust and urban/in-
dustrial particles. Unlike aerosols characterized under clear weather, haze particles were
rather spherical. da_ci was 0.05 + 0.02 on average, and values lower than 0.03 were detected
on the morning of 13 January and in the daytime of 14 and 15 January. Consistently high
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FMEF values (0.91 + 0.03) implied the predominance of submicron particles. Qin et al. [73]
found FMF values of 0.78 + 0.21 and 0.88 + 0.09 on polluted days from 2013 to 2016 in
Beijing and Xuzhou, respectively. Our results were comparable to the latter but obviously
larger than the former. Lower FMF values (0.68-0.80) in Beijing were also reported by Bi
et al. [74] in January 2013 when haze weather prevailed. On the other hand, the coarse
mode fraction (CMF) was only 0.09 + 0.03. The small values of da_« and CMF implied the
weak influence of large dust particles during the haze period. Generally, the discernible
features of Wuhan haze particles revealed their anthropogenic nature.

We examined the vertical extent of aerosols by averaging the aa profiles during the
clear and haze period, respectively. The results are shown in Figure 7a. The average aa
(ag®e(z)) under the clear weather decreased gradually from 0.14 km-! near the ground to
0.08 km™ at the altitude of 1.0 km. The elevated aerosol layers (see Figure 4b) produced
two weak maximums in the mean profile at ~1.4 and ~2.5 km, respectively. Aerosol con-
tent was sparse above 3 km. Yet a different vertical stratification (a1?%¢(z)) was observed
during the haze period when aerosol-loading exhibited a sharp decrease with increasing
altitude in the lowermost troposphere. aa reached 0.92 + 0.36 km™ at the minimum lidar-
detectable altitude, while it diminished rapidly to 0.04 + 0.03 km™ at 2 km. This form of
vertical distribution suggests the substantial production of aerosols of the local scale.
These locally-produced aerosols dwelled abundantly in the lowermost troposphere, i.e.,
the atmospheric boundary layer (ABL), leading to serious impairment of air quality. Fig-
ure 7b showed the ratio profile (a}%*¢(z)/a*¥"(z)) of average a during the haze to the clear
period. The ratio profile indicates how strong aerosol concentration increases/decreases
at different altitudes under haze weather. As seen from Figure 7b, the ot ratio peaked near
the ground and ranged from 3.4-6.5 below 1.2 km, indicating an apparent increase of aer-
osols in the ABL under haze weather. Note that o ratio was always >1.0 (1.1-1.7 at 2-6 km) in
the free troposphere. Higher aerosol-loading in the free troposphere reiterated the pres-
ence of aerosol transport during the haze period. Moreover, it is known that aerosol ver-
tical distribution is a critical parameter for accurate calculations of earth radiative budget
(e.g., [75]). Radiative transfer models assume vertical homogeneity of aerosols [20], which
differs profoundly from the distribution observed during the haze period. Such observa-
tions are expected to help constrain uncertainties in the assessment of haze radiative forc-
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Figure 6. Time series of the fine mode fraction (FMF) from sun photometer measurements and the integrated particle
depolarization ratio (da_d) inferred from the lidar during the entire period. Aerosols were featured by weak depolarization
and the predominance of fine mode particles during the haze period.



Atmosphere 2021, 12, 152 12 of 26

——Clean —— Haze

Altitude / km
w
L

a [km™' a, ratio
a

Figure 7. (a) Average . profiles during the clear (blue) and haze (red) periods, respectively. The
shaded areas indicate the standard deviations. (b) The ratio profile of average aa during the haze
to the clear period.

In a word, Wuhan aerosols were featured by weak depolarization, the predominance
of fine mode particles, and a sharp decrease of the concentration with height during the
haze episode. All these properties linked this haze episode intimately with local emissions
from anthropogenic activities.

3.3. Evolution of Aerosol Vertical Distribution with the ABL Development

How aerosol vertical distribution evolves with the development of the ABL is a key
question in understanding aerosol-ABL interactions [20]. Figure 8 presents the sequence
of average hourly profiles of aa and . below 2.0 km from 0800 through 2000 LT on 31
December 2012. Temperature, relative humidity, and wind profiles from same-day sound-
ings at 0800 LT and 2000 LT, respectively, are also plotted. The weather was clear, with
the visibility being 12.9 km. Both the morning and evening soundings showed wind speed
was up to 10 m's! below 2 km except for the ground, indicating favorable conditions for
the horizontal diffusion of boundary layer aerosols. In the morning hours, a residual layer
from the previous day was discerned with aa maximum (~0.26 km™) located at 0.8-0.9 km.
Beneath the residual layer, the convective boundary layer (CBL) grew above 0.2 km at
0800 LT and developed gradually afterward. Meanwhile, local aerosol emissions mixed
into the convectively growing boundary layer, and aa at the altitude of 0.2 km increased
slightly by ~0.08 km™ from 0800 LT to 1300 LT (Figure 8c—g. The CBL height rose to 1.09
km during 1300-1400 LT. At this time, convective mixing drove the particles originally
contained in the residual layer to mix down to the lower CBL (Figure 8h), which is a pro-
cess called fumigation [13]. Despite the fumigation process, aa near the ground decreased
by 0.05 km™ compared to the previous hour under the effect of convective dilution. High
CBL heights around 1 km lasted until 1700 LT, facilitating the dispersion of aerosol parti-
cles in the low-level troposphere. Consequently, aa below 1 km showed a steady decrease
during 16002000 LT (Figure 8k—n under well-ventilated meteorology, i.e., favorable con-
ditions for the horizontal and vertical diffusion of boundary layer aerosols. Moreover, no
apparent residual layer was formed at night.

As illustrated in Figure 9, a different evolution of the ABL structure and aerosol ver-
tical distribution was observed on 10 January 2013, which was a hazy day. The visibility
was <4 km, and the PM:25 mass concentration was up to 310 ug-m=. A strong surface-based
inversion was present, with the temperature difference (AT) being 5.5 °C in the morning.
Weak winds (1-4 m-s™') were observed in the lowermost atmosphere. As seen from Figure
9c-e, the morning residual layer extended to the altitude of 1.0 km with aa > 0.6 km™!
throughout the layer. The CBL did not reach the minimum lidar-detectable altitude (0.2
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km) until 1000 LT and exhibited a slow growth afterward. Under the stagnant meteoro-
logical conditions, anthropogenic pollutants accumulated rapidly below 0.5 km in the
morning hours. For instance, aa at 0.2 km increased dramatically from 0.68 to 1.31 km™!
during 0800-1200 LT (Figure 9c—f. Later, the fumigation process triggered an additional
enhancement of aerosol concentration at 0.3-0.4 km during 1200-1400 LT (Figure 9g-h.
The CBL height reached its maximum between 1400 and 1500 LT, and wind speed below
2 km increased to ~6 m's™ as measured by the evening sounding, suggesting aerosol dif-
fusion conditions were moderately improved in the afternoon. Accordingly, boundary
layer aa decreased gradually during 1500-2000 LT (Figure 9j—n. However, the improved
ventilation seemed far from sufficient to wipe out the haze. Although no clouds were de-
tected in the daytime, surface direct solar radiation was only 37% of that on 31 December
2012 (see Table 2). The maximum CBL height was only ~0.64 km, compared to the clima-
tological average of 0.86 km in the winter of Wuhan [24]. Hence, when surface sensible
heat flux diminished, and the CBL decayed after sunset (~1800 LT), aa remained as high
as 0.7 km™ near the ground.
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Figure 8. Profiles of (a,0) temperature (solid black line, bottom axis) and relative humidity (black dashed line, top axis),
and (b,p) wind speed (solid black line, bottom axis) and wind direction (black dashed line, top axis) from the radiosonde
measurements at (a,b) 0800 LT and (o,p) 2000 LT, respectively, on 31 December 2012, which was a clear day. Hourly
average profiles of aa (red lines, bottom axis) and da (blue lines, top axis) from 0800-2000 LT on the same day are plotted
in panels (c-n) with the convective boundary layer heights being marked as the horizontal dashed lines. The red and blue
shades in panels (c—n) represent the standard deviations of ota and 0., respectively.
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Table 2. Statistics of boundary-layer meteorological conditions and aerosol vertical extent during the observation period.

Date 02km a, AT 2 (°C) WS b (m-s?) . Tepr< SDSR4  CBLHmax®
(km™) 0800 LT 2000LT 0800LT 2000LT (Wh-m™) (km)
Clear
31 December 2012 0.14 +0.03 3.3 3.0 8.2 9.0 0.13+0.01 0800 LT 2525 1.09
1 January 2013 0.12 +0.05 5.7 3.6 6.1 6.0 0.05+0.01 0800 LT 3167 0.88
Haze
10 January 2013 0.84+0.25 5.5 4.2 2.5 5.4 0.56+0.02 1000LT 944 0.64
12 January 2013 1.14 + 047 5.9 2.2 3.6 3.0 0.38+0.04 1100LT 550 0.48
13 January 2013 0.73 £0.30 7.1 5.2 2.8 33 0.41+0.05 1000LT 1225 0.88
14 January 2013 0.70 £0.26 8.1 4.6 3.8 7.1 0.34+£0.03 1000 LT 1169 0.7
15 January 2013 0.89 +0.36 4.4 3.2 3.2 2.5 0.29+0.04 1000LT 778 0.51

atemperature difference of the inversions. All the inversions occurring on the days listed in the table are surface-based
inversions. " average wind speed below 2 km. ¢ time when the CBL first grew to 0.2 km. ¢ SDSR = surface direct solar
radiation in Wuhan collected from the World Radiation Data Centre (WRDC). Note that there existed thick clouds on 12
and 15 January 2013. ¢ CBLHmax = maximum CBL height.

2013/01/10, haze weather
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Figure 9. Same as Figure 8 except for 10 January 2013. The weather was hazy, and the evolution of the atmospheric bound-
ary layer (ABL) structure and aerosol vertical distribution was different from that on 31 December 2012.

Figure 10 depicts aerosol evolution in the ABL on 13 January, which was much like
that on 10 January. Boundary-layer meteorological conditions remained unfavorable for
the diffusion of air pollutants. A strong surface-based inversion (AT =7.1 °C), weak winds
(0-3 m's™), and an aerosol-rich residual layer (cta maximum > 0.8 km™) still characterized
the low-level troposphere in the morning. Similarly, a late growth (from 1000-1100 LT) of
the CBL was observed. During 0800-1100 LT, large quantities of particles were confined
near the ground. Below the notable residual layer, aa showed a rapid decrease with height
(Figure 10c—e. Then, the structure collapsed when abundant particles in the residual layer
were fumigated into the growing boundary layer at noon (Figure 10g). The residual layer
vanished while aa peaked around 0.5 km. The CBL continued to develop in the afternoon,
and both aa and 0. tended to be vertically homogeneous in the CBL (Figure 10h-k. The
maximum CBL height was ~0.88 km, but the wind speed was no more than 4 m's below
2 km from the evening radiosonde measurements. Like the situation on 10 January, high
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aa (0.5-0.7 km™) persisted near the ground due to deficient ventilation in the afternoon
hours. What was worse, a residual layer began to form after sunset. o peaked at 0.6-0.7
km, slightly lower than the maximum CBL height in the afternoon, and its maximum was
up to ~1.4 km™ in the newly formed residual layer. Hazy weather was sustained into the
next day.
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Figure 10. Same as Figure 8 except for 13 January 2013, which was also a hazy day. Aerosol evolution in the ABL on this
day was much like that on 10 January except for the formation of a pronounced residual layer in the afternoon.

3.4. Non-Negligible Influence of the EALs during the Haze Period

The elevated aerosol layers (EALs) in the free troposphere are subject to re-
gional/long-range transport. On the lidar image, the EALs are readily identified by
stronger extinction and different scenarios of depolarization compared to the background
atmosphere. A total of nine EALs were captured during the entire period. Two of them
(i.e., the EALs indexed with 2 and 7, see Figure 4b) are selected as examples to illustrate
the impact of aerosol transport. Our analysis shows the two EALs are representative in
terms of aerosol properties, vertical motions, and transport patterns. Figure 11a,b presents
the temporal evolution of the layer altitudes of the two EALs. Here, the EAL altitude is
defined as the altitude where aerosol extinction maximizes throughout the layer at a given
time, following Bitar, Duck, Kristiansen, Stohl and Beauchamp [44]. The EAL in the first
example was initially found at 2300 LT on 31 December 2012. It subsided from an altitude
of 1.93 to 1.32 km in only 3 h and then experienced a slow ascent and descent. The EAL
finally settled down to <1.2 km at 1800 LT on 1 January 2013 and was not recognizable
afterward. The EAL was injected into the ABL, as seen from the time-height plot of a. (see
Figure 4b). The EAL resulted probably from the long-range transport of dust. The corre-
sponding airflow originated from near the source regions of Asian dust, with a trajectory
length being 3385 km. Moreover, da at the layer altitudes was 0.11 + 0.01, and coarse mode
AOD at 500 nm reached 0.18 + 0.03, indicating the presence of large, irregular-shaped dust
particles. In the second example, the EAL was characterized by a steady descent from 2.04
km at 2000 LT on 13 January to 1.17 km at 0600 LT on 14 January. Meanwhile, a. at the
altitude of 1.0 km rose continuously from 0.11 to 0.32 km™!, probably due to the injection
of the aerosol plume. da at the layer altitudes was only 0.05 + 0.01, and backward trajectory
analysis showed the origin of the related airflow was located in the Sichuan Basin, China.
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We summarized the vertical motions of the nine EALs in Figure 11c. All the EALs
generally moved downward; upward motions were only occasionally spotted. Conse-
quently, the average subsidence velocities for the EALs ranged from 8.9 to 94.8 m-h-'. Spe-
cifically, most of the EALs (6 out of 9) descended to an altitude of <1.2 km and then mixed
with local aerosols in the ABL, including the residual layer. That is, transported particles
in these EALs caused exacerbations of the pollution level.
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Figure 11. Time-height evolution of the elevated aerosol layers (EALs). The sequence of hourly
average aa profiles from (a) 2300 LT on 31 December 2012 to 1800 LT on 1 January 2013 and (b)
2000 LT on 13 January 2013 to 0600 LT on 14 January 2013. The red short horizontal lines in panels
(a,b) denote the EAL altitudes. Both EALSs exhibited subsidence and were injected into the ABL.
The time variations of (c) the layer altitudes for each EAL and (d) tas. and teaL are summarized.
The horizontal dash line in panel (c) indicates the altitude of 1.2 km. The vertical dashed lines in
panel (d) indicate the time when any of the EALs descended to <1.2 km.
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To quantitatively evaluate the contribution of the EALSs to the haze event, we sepa-
rated lidar-derived AOD into optical depth roughly from the ABL (tasL) and elevated aer-
osol layers (teat). Boundary layer aerosols extended frequently to an altitude of ~1.2 km,
which was slightly higher than the maximum CBL height (1.09 km) during the entire pe-
riod. Hence, tasr and tear were obtained by integrating the extinction profiles from the
ground to 1.2 km and from 1.2 to 6 km, respectively. The background optical depth of free
tropospheric aerosols, ~0.03 during the observation period, was subtracted in the calcula-
tion of teat. Figure 11d shows the time variations of tas. and teaL during the entire period.
For the six EALs that eventually mixed with boundary layer aerosols, an increase in Tas.
was observed after each of them descended to <1.2 km, except for the one observed on 31
December 2012, i.e., the EAL indexed with 1. The increase in tasL lasted for 3-9 h with the
overall rise being 0.04-0.35, providing quantitative evidence that regional/long-range
transport of particles contributed to the aggravation of the pollution level. As for the ex-
ceptional EAL, both tasL and teaL decreased after the EAL descended to <1.2 km, which
was possibly associated with well-ventilated conditions (see Figure 8). During the haze
period, we estimated that the contribution of the EALs was ~19% in terms of optical depth.
On the other hand, the EALs had a higher contribution (46%) during the clear period,
owing to a far lower level of boundary layer aerosols (Figure 11d). Our results argue that
regional/long-range transport played a non-negligible role in the evolution processes of
the intense haze episode.

3.5. Haze over Central and Eastern China in January 2013

A variety of places in central and eastern China experienced a severe, long-lasting
pollution episode in January 2013, yielding a large-scale weather phenomenon [5,76,77].
The large-scale haze episode regarding its spatial extent and temporal variation is out-
lined in Figure 12a, which presents the time series of daily weather (clear, haze/fog, or
precipitation) of 268 GSOD sites over central and eastern China (100-125° E, 22.5-45° N).
The time window is set from 30 December 2012 to 20 January 2013 for consistency. As
revealed by previous studies and Section 3.3 of this study, the ventilation coefficient (V-),
which indicates the ability of the ABL to diffuse pollutants in both the horizontal and
vertical directions [63,64], is a significant parameter in determining local pollution poten-
tial. Climatology studies show V. ranges between 1000 and 10,000 m?s (e.g., [78]), while
it can be lower than 1000 m*s™ on polluted days and higher than 2000 m?s™ in clear
weather [63,79]. To examine the applicability of the concept in the large-scale haze epi-
sode, we demonstrate the spatial distribution of V< over central and eastern China in Fig-
ure 12b. A sequence of six periods was selected within the time window. As shown in
Figure 12a, clear weather prevailed from 30 December 2012 to 3 January 2013. Meanwhile,
V. values were well above 2000 m?-s™! (Figure 12b1) over central and eastern China except
for the westernmost part of the studied region, suggesting overall desirable conditions for
the diffusion of aerosol particles. On 4 January 2013, haze appeared over small patches of
the North China Plain and Yangtze River Delta, where considerable amounts of atmos-
pheric pollutants are emitted owing to high population density and frequent industrial
activities [80]. The large quantities of pollutants accumulated under much weaker venti-
lation (Figure 12b2), leading to the buildup of haze in these places. Subsequently, the ma-
jority of central and eastern China was dominated by unfavorable ventilation conditions
(Figure 12b3), and continuous expansion of haze coverage was seen from 5 to 9 January
when the number of polluted sites increased rapidly from 26 to 81. From 10 to 15 January,
Ve was <1000 m*s™ over the studied region (Figure 12b4), indicating persistently stable
meteorology, and the pollution level found its maximum in terms of visibility and spatial
extent. Eastern China (roughly 111-123° E and 28-40° N), along with the Sichuan Basin,
was shrouded by severe air pollution, and MODIS AOD values exceeded 1.0 [76] in these
areas. The visibility over the severely polluted region was improved in the next three days
when the ventilation was slightly better over most of Eastern China. Large-scale precipi-
tation during 19-20 January finally scavenged the widespread haze plume, as seen in the
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visibility map (Figure 12a). Within the time window, nevertheless, haze weather was rare
over the westernmost (100-105° E) and northernmost (40-45° N) parts of the studied re-
gion, even when unfavorable ventilation conditions were registered. This may be at-
tributed to fewer aerosol emissions [80].
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Figure 12. (a) Daily weather conditions of 268 Global Surface Summary of the Day (GSOD) sites over central and eastern
China from 30 December 2012 to 20 January 2013. The blue, orange and gray dots denote the location of the sites with
clear, haze/fog or precipitation weather, respectively. (b) The spatial extent of the ventilation coefficient (V) over central
and eastern China for a sequence of 6 periods selected from 30 December 2012 to 20 January 2013.

Figure 13 presents the correlation coefficients between the average daily visibility
and V. from 30 December 2012 to 20 January 2013 for the GSOD sites over central and
eastern China. Only the sites that have sufficient non-precipitation measurements (=15
days) are considered. Some sites where reported visibility is always 30 km (the measuring
range of the sensor) through the period are excluded. For each of the remaining 130 GSOD
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sites, V. from the closest ERA5 grid is used in the computation. Since the horizontal reso-
lution of the ERA5 reanalysis is ~31 km, the distances between the GSOD sites and corre-
sponding ERA5 grids are all less than 20 km, indicating spatially fair conformity between
the two datasets. As shown in Figure 13, the correlation coefficients between the visibility
and Ve were overwhelmingly positive. Moreover, the positive correlation was statistically
significant at 95% confidence level or greater for 94 out of the 130 sites, suggesting haze
evolution was closely related to atmospheric diffusion conditions expressed by V. in Jan-
uary 2013 over eastern and central China. Interestingly, the strongest correlations were
found over Eastern China (including Wuhan as expected), the most polluted region dur-
ing the period studied. In the westernmost region (100-111° E) with a lower occurrence of
haze, the correlations were comparably weaker. It seemed the impact on air quality of
atmospheric diffusion conditions exhibited some degree of spatial diversity, which may
require further studies involving more places.
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Figure 13. Correlation coefficients between the average daily visibility and V. during 30 December
2012 to 20 January 2013 over central and eastern China. Solid dots indicate values that are statisti-
cally significant at 95% confidence level or greater, while open circles indicate values that are not.
Out of the 130 sites, 94 (~72%) have a positive correlation, which is statistically significant at a 95%
confidence level or greater.

4. Discussion

In Table 2, we summarize the statistics concerning boundary-layer meteorology and
aerosol vertical extent during the observation period. With seven days of statistics, the
role of the morning residual layer in aerosol-ABL interactions was discussed. We esti-
mated the aerosol abundance of the morning residual layer with the aerosol optical depth.
The upper and lower boundaries of the morning residual layer were determined at ap-
proximately 1.2 and 0.4 km, respectively, by inspection of lidar profiles. Accordingly, the
morning residual layer AODs (trL) were computed by integrating aa profiles from 0.4 to
1.2 km and then averaging the integrations during 0700-0900 LT. Results show trL ranged
between 0.29-0.56 during the haze period (see Table 2). Firstly, the optically thick residual
layer could induce strong radiative cooling at the surface and/or heating in the upper air
(e.g., at 0.5 km) and thus hamper the turbulent convection of the low-level troposphere
via effective radiative forcing [81]. Hence, the CBL did not grow above 0.2 km until 1000—
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1100 LT during the haze period (see Table 2), 2-3 h later than that during the clear period.
Anthropogenic emissions therefore accumulated near the ground in the morning hours
due to stable meteorological conditions, including a strong surface-based inversion (4.4-
8.1 °C), late development of the CBL, and weak wind (2.5-3.8 m-s™) in the lowermost trop-
osphere. Second, the optically thick residual layer served as a reservoir of aerosol particles
on these polluted days. Around noon, abundant particles in the residual layer were fumi-
gated into the lower CBL, causing further deterioration of air quality (see Figure 9g,h and
10g). That is, the residual layer influenced air quality indirectly by weakening convective
activities in the morning and directly through the fumigation process around noon, sug-
gesting it might be an important element in aerosol-ABL interactions during consecutive
days with haze. Like the situation observed in the previous studies [17,18], surface direct
solar radiation was greatly reduced under haze weather, contributing to defective devel-
opment of the CBL. The maximum CBL heights were only 0.48-0.88 km on these polluted
days, and the defectively developed CBL and/or weak wind failed to eliminate haze in the
afternoon hours. Consequently, the average daily aa near the ground exceeded 0.7 km™
for consecutive days (see Table 2), leading to a serious, long-lasting haze event. In contrast,
the temperature inversions were comparably weaker during the clear period. Higher CBL
and wind speed provided better ventilation for boundary layer aerosols. Both the direct
(fumigation process) and indirect effects (weakening the convective mixing) of the resid-
ual layer were observed to be negligible during the clear period, probably due to the much
lower concentration of residual aerosols.

To deliver a comprehensive depiction of aerosol transport during the observation
period, the origins and transport pathways corresponding to the EALs were discussed by
using HYSPLIT and lidar and sun photometer data. The 72 h backward trajectories related
to the 9 EALs during the clear and haze period are mapped in Figure 14a,c, respectively.
Statistics of the EALs and corresponding airflows are shown in Table 3. Two distinct path-
ways, identified by backward trajectory analysis, were confirmed by our lidar and sun
photometer measurements. For the three EALs detected during the clear period, all the
corresponding airflows originated from the northwest with trajectory lengths exceeding
3000 km. Similar pathways were found for the airflows (the red and orange trajectory in
Figure 14c) related to the first two EALs during the haze period. All these source locations
were near the Taklamakan and Gobi deserts, two major origins of Asian dust [67]. The
HYSPLIT trackings were verified by our lidar and sun photometer observations. In fact,
average da values (see Table 3) ranged from 0.08 to 0.11 for these EALs. Coarse mode AOD
at 500 nm reached 0.18 + 0.03 and 0.13 + 0.02 when EAL 2 and EAL 4 & 5 were registered.
All these confirmed the presence of large, non-spherical dust particles. The airflows re-
lated to the remaining four EALs during the haze period, however, showed a different yet
consistent pattern. The direction of the airflows turned to the west, and the lengths of the
trajectories were between 1000-1700 km. Additionally, the source locations (enclosed in
Figure 14c) for the four airflows were close in the distance and all situated in the Sichuan
Basin, China. The Sichuan Basin, owing to its topographic features and substantial anthro-
pogenic emissions, is one of the most polluted regions in China [80]. Small da values (0.01-
0.05, see Table 3) were found for the plumes transported from the Sichuan Basin. Gener-
ally, the pathways for the transport in Wuhan during the haze period were quite different
from those in Beijing, where regional transport via the southwest pathway could lead to
severe pollution episodes [82], and those in winter of Wuxi from 2013 to 2015 when there
were obvious contributions of anthropogenic aerosols from southern regions [83]. The
comprehensive depiction (origins, transport pathways, and time-height evolution of the
EALs) of aerosol transport can be useful for air quality forecasting and control in Wuhan.
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Table 3. Statistics of the EALs and corresponding airflows during the observation period.
Index Lidar-Detected EAL HYSPLIT Backward Trajectory
o, Maximum (km-1) 5, 2 Airflow Direction Trajectory Length (km)
Clear
1 0.08 0.11+0.01 Northwest 3211
2 0.10 0.11+0.01 Northwest 3385
3 0.10 0.10+0.02 Northwest 3311
Haze
4 0.32 0.09 +0.02 Northwest 1952
5 0.41 0.08 £0.03 Northwest 2806
6 0.16 0.02+0.01 West 1027
7 0.29 0.05+0.01 West 1679
8 0.43 0.04+0.01 West 1513
9 0.26 0.01+0.01 West 1056
2average 8, at the layer altitudes during the evolution of each EAL.
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Figure 14. The 72 h backward trajectories associated with the lidar-detected EALs during the (a,b) clear and (c,d) haze
period, respectively. The rectangle in panel (c) enclosed the source locations corresponding to the last 4 EALs during the

haze period.

5. Conclusions

In January 2013, widespread, long-lasting haze clouds blanketed central and eastern

China, including Wuhan (30.5° N, 114.4° E), a highly industrialized and densely popu-
lated megacity. On the most polluted days, the PM25 mass concentration reached 270-310
pg-m= and the visibility was less than 4 km. The collaborative observations from a polar-
ization lidar and sun photometer, which are scarce in central China, allow us to investigate
the process-level evolution of aerosols in both the ABL and elevated layers during the
haze period. The main conclusions are drawn as follows:

1.

During the haze period, the integrated particle depolarization ratio was 0.05 + 0.02,
and the fine mode fraction of AOD reached 0.91 + 0.03. Aerosol extinction peaked
near the ground and exhibited a sharp decrease with increasing altitude. These char-
acterizations linked this haze episode intimately with substantial anthropogenic
emissions of the local scale;
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2. The daytime evolution of aerosol vertical distribution in the ABL showed a distinct
pattern on polluted days. Abundant particles accumulated below 0.5 km in the morn-
ing hours due to stable meteorological conditions, including a strong surface-based
inversion (4.4-8.1 °C), late development (from 1000-1100 LT) of the convective
boundary layer, and weak wind (2.5-3.8 m-s™) in the lowermost troposphere. In the
afternoon, improved ventilation delivered an overall reduction in boundary layer
aerosols but was still insufficient to eliminate haze. Particularly, the morning residual
layer had an AOD of between 0.29 and 0.56, serving as the reservoir of aerosol parti-
cles. The optically thick residual layer influenced air quality indirectly by weakening
convective mixing in the morning hours and directly through the fumigation process
around noon, suggesting it may be an important element in aerosol-ABL interactions
during consecutive days with haze;

3. InJanuary 2013, the positive correlations between the visibility and ventilation coef-
ficients were statistically significant at a 95% confidence level for 72% of the GSOD
sites over central and eastern China, linking the large-scale haze episode tightly with
poor ventilation. Moreover, the strongest correlations were found over the most pol-
luted area (roughly 111-123° E and 28-40° N, including Wuhan) ;

4. Most of the lidar-captured elevated aerosol layers (EALs) were observed to subside
eventually into the ABL and thereby exacerbate the pollution level. Combined back-
ward trajectory analysis and lidar data revealed the EALs came from the transport of
anthropogenic pollutants from the Sichuan Basin, China, and of dust from the Tak-
lamakan and Gobi deserts. We estimated aerosol transport via the two pathways con-
tributed approximately 19% of columnar AOD during the haze episode. Considering
the severity and persistence of this haze episode, we suggested aerosol transport play
a non-negligible role in the evolution processes of haze.

Overall, we presented a detailed characterization of aerosol evolution in the time-
height domain during a severe, prolonged haze episode in a megacity. The results benefit
the complete understanding of aerosol-ABL interactions under haze weather. Further-
more, the comprehensive depiction of aerosol transport can be useful for air quality fore-
casting and control in Wuhan.
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