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Abstract: A severe haze episode that occurred in Wuhan, central China, from 614 June
2012 was investigated using ground-based and satellite-derived observations, from which
the optical properties and vertical distribution of the aerosols were obtained. The mass
concentrations of PM, 5 and black carbon (BC) were 9.9 (332.79 versus 33.66 ug'm °) and
3.2 times (9.67 versus 2.99 pg'm ) greater, respectively, on haze days than during normal
weather. The large aerosol loading contributed to the high values of the scattering
(2.32km™") and absorption coefficients (0.086 km'). Particle size became larger,
consistent with the reduced scattering Angstrém exponent. The high asymmetry parameter
(0.65) and single scattering albedo (SSA) (0.97) observed in the haze, which coincided
with the relatively low backscatter ratio (0.11) and up-scatter fraction (0.23), were related to
the increased particle size, and could have had a heating effect on the atmosphere. Aerosols
accumulated primarily below 3 km and according to CALIPSO, were regular in their shapes.
At the surface, the aerosol extinction coefficient detected by satellite remained at ~1 km ', very
close to the ground-based observations. Aerosol optical properties measured at this downtown
site could help further the understanding of the effects of aerosols on the air quality, city
environment, and radiation balance.
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1. Introduction

The Intergovernmental Panel on Climate Change has reported that atmospheric aerosol radiative
forcing could have significant effect on climate change [1]. Aerosols affect Earth’s radiation balance
directly by scattering and absorbing solar shortwave and longwave radiation. They also act as
condensation nuclei for clouds, thereby changing the cloud’s microphysical properties and life cycles
and thus, indirectly affect the climatic system [2]. China’s rapid economic growth, urbanization,
population expansion, and increased industrial activity have led to increasing amounts of particles
being discharged into the environment, resulting in frequent air pollution events [3]. The World Health
Organization has indicated that aerosols (especially fine particles) could produce adverse effects on
human health [4] and therefore, serious regional haze incidents have been investigated in many parts of
China, including the Pearl River Delta, Yangtze River Delta, and Beijing—Tianjin—Hebei region (BTH) [5].

Haze episodes have attracted considerable attention from researchers and many experiments have
been conducted to study haze all over the world. Since 1990 in BTH, the number of days with haze has
increased gradually and the visibility has decreased continuously between 1980 and 2008 [6]. Many air
pollutants accumulate during haze episodes, leading to an increase of the aerosol optical depth (AOD) [7].
In northern China, high aerosol loading at the surface has led to a decreasing trend in solar radiation at
a rate of 30-40 W-m > per day [8]. See et al. reported that the concentration of PM; s doubles on haze
days [9]. Sun et al. also discovered that on hazy or foggy days, the concentration of water-soluble ions
is more than 10 times that during normal weather [10]. In Guangzhou, fine particles were found to play
a dominant role during haze and they exhibited a double peak in the particle size distribution [11]. A
long-term study of haze in Nanjing has indicated a rapid increase in the concentration of aerosols with
diameters of 0.6—1.4 pum, which has led to a significant growth in the scattering coefficient [12]. In
hazy regions, increased amounts of absorbing aerosols, (e.g., dust and black carbon (BC)) can induce
anomalous water cycle feedback, which can affect the general circulation and alter the dynamical state
of the entire monsoon system [13-15]. Furthermore, atmospheric radiation mechanisms and
agricultural activities could also be affected by haze on regional and global scales. Soot particles play
the role of an absorbent, which heats the atmosphere and cools the Earth’s surface [16-20]. Experts have
estimated that regional haze events in China could lead to a 5%—-30% decrease in crop yields [21].

Generally, haze episodes are air pollutant layers consisting of anthropogenic sulfate, nitrate,
organics, BC, soot, and fly ash, as well as natural aerosols such as sea salt and mineral dust. Research
has indicated that common hazes are caused mainly by anthropogenic emission sources, such as
communications and transportation industries, industrial production, and cooking [22]. The study by
Zhang et al. proved that haze pollutants comprise particles both from local emission sources and from
long distance transport [23]. Owing to weather patterns, particles can be transferred on the continental
scale, which greatly affects the air quality of locations in downwind directions [24,25]. Furthermore,
Li et al. and Duan et al. studied the phase and mixture status of aerosols and discovered that hazes in
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the North China Plain (NCP) during June are caused primarily by particles generated from the
combustion of agricultural biomass [26,27].

Most haze studies in China have been undertaken in eastern [12], southern coastal [11], and
northern areas [3,10,16], which have traditionally been the most polluted. However, central China has
also experienced a series of significant haze episodes. To further the understanding of the causes and
environmental effects of haze episodes in central China, we conducted a comprehensive study in
Wuhan during 6-14 June 2012. The Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model and Moderate-resolution Imaging Spectroradiometer (MODIS) active fire products
were used to trace the source of the haze. In addition, the aerosol optical properties in Wuhan were
measured using ground-based equipment that included an integrated nephelometer, aethalometer,
meteorological station, and particle detector. The vertical distribution of the aerosols was obtained
from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite.

2. Equipment and Method
2.1. Ground-Based Instruments

A nephelometer can measure the scattering and backscattering coefficients of atmospheric aerosols.
An integrated nephelometer (model 3563; TSI Inc., MN, USA) with triple wavelengths (450, 550, and
700 nm) was used in the present study. Automatic zero calibration was performed daily, standard CO,
was used as the span gas during the half-yearly span checking [28], and the equipment was calibrated
a week prior to the experiment. When in operation, a built-in turbo-blower transfers air samples into
the measuring chamber through a large feeding port at a flow rate of 30 L-min”'. The average sampling
time was set to 1 min. The sensitivity of the equipment when measuring the light scattering coefficient
was 2.0 x 107 m™" and the response time was less than 10 s. The observation angle was 7°—170° with the
truncation error limited to 10% or less [29].

The truncation error increases when large aerosol particles (such as dust) exist. Its correction is
usually achieved based on the Mie theory and statistical features [30]. In the present study, the
correction was performed based on the latter. For the wavelengths 450, 550, and 700 nm, the detection
limits of the total scattering coefficient are 0.44, 0.17, and 0.26 Mm ', respectively, and those for the
backscattering coefficient are 0.29, 0.11, and 0.21 Mm ', respectively [31]. Values lower than the
detection limits were excluded from the analysis. Observation errors were derived mainly from
truncation errors, non-Lambert characteristics of the light source, non-idealized wavelengths, and
uncertainties in calibration. These factors contributed to approximately 7% of the determined data
error [28,30].

An aethalometer (AE-31; Magee Scientific Corp., CA, USA) was employed to obtain the mass
concentration of BC. It uses seven wavelengths: 370, 470, 520, 590, 660, 880, and 950 nm, and the
aerosol absorption coefficient is retrieved based on the BC mass concentration. The aethalometer
measures the real-time light attenuation caused by particles clustered on the quartz filtration
membrane. It is assumed that the light attenuation is caused by BC absorption. Therefore, the BC mass
concentration can be calculated continuously based on changes in the light attenuation [31]. On a unit
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area of the filtration membrane, light attenuation exhibits a linear relationship with the BC mass
concentration as follows:

I
AATN, = In <T0> =§, - BC (1)

Here, AATN, is the light attenuation at wavelength A within the sampling period; Iy and I are the light
intensities that pass through the filtration membrane before and after sampling, respectively; and 9, is
the attenuation coefficient at wavelength A (units = m*g'). For this study, the aethalometer was
installed on the top of the lab building in a position free of any obstruction. The flow rate was
5 L'min "' with a 2-min sampling time. The instrument inlet was connected through a 2.5-m-long black
tube, the interior of which was coated with Teflon; hence, sample loss (particles attaching to the tube
wall) could be neglected. A 2.5-um sampling head was installed in the experiment. Quality assurance
measures included checking the stability of the light source, periodic calibration of flow rate (half-yearly),
and control over the aerosol load on the filtration membrane (proportion of light attenuation was
controlled at 75% and below).

A PH-1 automatic weather station was also set up to measure routine meteorological variables that
comprised temperature, relative humidity, pressure, and wind speed and direction [32]. Mass
concentration of PM; 5 was measured using the GRIMM 180 (GRIMM Aerosol Technik GmbH & Co.,
Ainring, Germany) particle detector.

2.2. Satellite Remote Sensing Observations

To trace the source of haze in Wuhan, the backward trajectory of the air mass was analyzed using
the HYSPLIT model developed by the National Oceanic and Atmospheric Administration
(http://ready.arl.noaa.gov/ HYSPLIT.php). Wuhan was defined as the terminal point and the backward
trajectories of the air mass at 500 m above sea level were calculated for the period 7—11 June 2012.
The MODIS active fire detection technique, based on Advanced Spaceborne Thermal Emission and
Reflection Radiometer imagery, has become relatively well developed [33-38], and MODIS fire
products were adopted in this study to both help establish the fires distribution diagram and investigate
the source of the haze.

The CALIPSO satellite was launched in April 2006 and it belongs to the A-train satellite
constellation. The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) system, loaded on
CALIPSO, emits 532 and 1064 nm lasers vertically downward, receiving backscattered energy from
both the atmosphere and the surface [39]. The CALIPSO satellite provides information on the vertical
distribution and optical properties of aerosols and clouds at both regional and global scales, which is
useful for improving the understanding of the effects of aerosols and clouds on radiation [39-41].
CALIPSO has been widely applied in research on dust and haze [42,43], e.g., the radiation heating
effect of dust plumes in Tibet, caused by long-distance transport of dust arising from sandstorms in the
Taklimakan Desert, has been investigated [44]. Furthermore, the optical and microphysical properties
and vertical distribution of aerosols in Shanghai have been measured by CALIPSO on haze days [45].
Therefore, to further the understanding of the vertical structure and characteristics of aerosols in
Wuhan, CALIPSO was employed in this study.
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3. Results and Discussion
3.1. Identification and Source of Haze

The experiment was performed at the State Key Laboratory of Information Engineering in Surveying,
Mapping, and Remote Sensing site, Wuhan University, where the ground-based equipment mentioned
above was installed. The location of the study area is shown in Figure 1. Wuhan is a highly industrialized
inland mega city in central China. It is the capital of Hubei Province and is located at the junction of the
Yangtze and Han rivers. This area experiences a typical northern subtropical humid monsoon climate
with high annual average temperature (15.7-17.5 °C) and precipitation (1050-2000 mm) [32]. At
present, there is no globally consistent definition of haze. The Chinese Meteorological Administration
(CMA) defines haze as conditions with visibility <10 km, whereas some studies have adopted a visibility
criterion of <5 km [46,47]. For all previous studies, visibility has been adopted as the basic index; however,
because both haze and fog result in reduced visibility, on 1 June 2010, the CMA issued a standard for haze
observation and forecasting in China. This standard defines haze as visibility <10 km when relative
humidity (RH) is <95%. However, this study has considered haze as conditions where the horizontal
visibility is <5 km and RH is <80%, which is consistent with the study of Zhang et al. [23].

Figure 1. Location of study area: (a) location of Hubei Province, China and (b) location of
Wuhan in Hubei Province (solid black line represents the CALIPSO track passing
over Wuhan).

110°0'0"E  112°0'0"E 114°0'0"E  116°0'0"E
A F32°0'0"N

- 30°0'0"N

- b

3200'0"N A

Ch i na 30°0'0"N 4

110°0'0"E  112°0'0"E  114°0'0"E  116°0'0"E

(a) (b)

The MODIS active fires distribution during 811 June 2012 is shown in Figure 2a. Fires were very
dense in northern Anhui Province, northern Jiangsu Province, and Shandong Province. Because it was
the crop-harvesting season, large amounts of biomass (such as straw) were combusted and many
aerosol pollutants emitted into the atmosphere. It has been discovered that the harvest season in
northern Anhui Province is in June (summer) and considerable biomass is burned during this time;
thus, the fire density is much greater in June than in other months [48].

A five-day back-trajectory of air mass at 500 m above sea level was performed to establish the
source of the haze and the result is shown in Figure 2b. It is clear that air masses traveled from the East
China Sea and across the Yellow Sea and Shandong and Anhui provinces before finally arriving in
Wuhan on the morning of 11 June, countering a few pollution sources along their path. It is also
apparent from Figure 3a that a northeasterly wind was prevailing in Wuhan on the morning of 11 June.
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Based on the fires distribution information, it can be speculated that the serious haze event that began

in Wuhan on the morning of 11 June was caused by air mass transport bringing large amounts of

pollutants, mainly from biomass combustion in northern Anhui Province near Wuhan.

Figure 2. (a) Active fire data during 8—11 June 2012, in Hubei Province and surrounding

provinces from MODIS global fire area products (MCD14ML) (Fire pixels are shown as
orange dots); (b) HYSPLIT backward trajectories for haze episode in Wuhan during 7-11
June 2012 (Red denotes backward trajectories arriving at heights 500 m above ground level).
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Figure 3. Time series variations of meteorological parameters and pollutant mass
concentrations (BC and PM,s) at LIESMARS site during 6—14 June 2012. (a) Wind
direction (degrees) and wind speed (m's™"); (b) Temperature (°C) and atmospheric pressure
(hPa); (¢) Visibility (km) and relative humidity (%), and (d) BC and PM;s mass
concentrations and ratio between BC and PM; s.
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3.2. Meteorological Conditions and Pollutant Concentrations

As shown in Figure 3a, the wind direction was northeasterly on the afternoon of 10 June, and it
persisted until the evening of 12 June. As explained in Section 3.1, the northeasterly winds aided the
transport of particles across Wuhan, which was within a relatively weak low-pressure system
during 9—13 June, as shown in Figure 3b. These meteorological conditions were not conducive to the
dissipation of atmospheric particles and thus, led to the accumulation of pollutants in localized areas
when the particulate matter arrived over Wuhan. Before the haze event, surface temperature exhibited
a characteristic diurnal variation; however, during the haze event, surface temperature increased
dramatically between noon on 11 June and the evening of 13 June. During this period, there was no
visible diurnal change in temperature, which remained at 35—40 °C. Wang and Xia have both reported
that particles have a heating effect on the environment during haze episodes [16,18]. Due to biomass
combustion, the number of soot particles increases significantly, which can be revealed through the
enhanced BC mass concentration, as discussed in the next paragraph. Soot pollutants can heat the
atmosphere and affect the radiative effect of aerosols on the atmosphere [19,20]. It can be seen from
Figure 3c that there was also significant diurnal change in RH before the haze event, but that RH
remained at the high level of 60%—70% during the haze event of 11-13 June. Visibility also decreased
to about 1 km by noon on 11 June and these conditions lasted until noon on 12 June. The minimum
visibility reported was 0.72 km.

Figure 3d shows that the mass concentrations of PM; s and BC increased sharply in the morning of
11 June and reached maximum values of 597 and 18 pg-m °, respectively, at noon on the same day.
During the haze period, the mean PM, s and BC mass concentrations were approximately 9.9 (332.79
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versus 33.66 pg'm°) and 3.2 times (9.67 versus 2.99 pg'm°) greater, respectively, than during the
non-haze period. Because of the large quantities of highly concentrated particles that were transported
to the local area within a short time, the mass concentration of particles remained at a high level during
11-13 June. Before the haze period, BC/PM; s was maintained at ~0.13, but it decreased rapidly to
0.025 once the haze developed and remained <0.1 (~0.06) throughout the days of haze. This indicates
that the quantities of both non-BC and BC aerosols increased significantly. However, the proportion of
non-BC aerosols increased more rapidly than that of BC aerosols. The statistical information regarding
the meteorological parameters and particle concentrations measured during the experiment is

summarized in Table 1.

Table 1. Meteorological information obtained during the study.

Dat WS WD Temp Pressure RH Visibility
ate
(ms ™) (Degrees) (&9) (hPa) (%) (km)
0.41 181.95 30.27 992.44 70.13 3.62
6 June 2012
(0.21,0.68)  (95.00, 256.13) (29.84,30.64) (991.48,992.99) (68.62,71.59) (1.81,6.75)
0.57 226.48 30.08 992.42 60.55 3.46
7 June 2012
(0.22,0.78)  (150.27,258.59) (29.79,31.40) (991.61,993.24) (59.36,68.21)  (1.78, 4.30)
% June 2012 0.69 234.50 3243 992.12 64.15 5.41
une
(0.42,0.90) (203.62,250.28) (30.89,35.96) (991.28,992.84) (52.87,67.59) (3.08,9.72)
9 June 2012 0.50 214.82 34.65 988.31 60.67 7.55
une
(0.34,0.72)  (152.79,239.41) (32.79,38.56) (987.82,991.85) (49.60,67.68) (3.50, 12.93)
0.31 133.40 31.96 987.88 64.72 6.38
10 June 2012
(0.24,0.43)  (56.58,190.36) (29.86, 33.53)  (987.20,989.00)  (60.72,69.53)  (3.63, 8.55)
0.47 42.65 31.20 989.95 63.08 1.09
11 June 2012
(0.21,0.74)  (19.33, 186.79) (29.17,33.00)  (988.04,990.79)  (59.79,65.45) (0.77,6.91)
0.32 185.02 40.64 987.91 66.93 1.72
12 June 2012
(0.11,0.73)  (47.64, 240.46) (36.42,42.65) (987.44,989.73) (51.15,73.95) (1.04,5.47)
0.32 124.87 34.54 990.17 65.08 3.62
13 June 2012
(0.18,1.08)  (79.89, 198.18) (31.13,41.12)  (988.27,990.98)  (45.20,69.89)  (2.09, 7.45)
0.26 128.10 30.90 993.50 59.89 3.29
14 June 2012
(0.21,0.55)  (92.22,242.92) (29.78,36.92)  (991.20,994.38) (47.53,63.07)  (2.09, 4.34)

Median values are stated on the top line and the 10th and 90th percentiles are stated underneath within

the parentheses.

3.3. Aerosol Optical Properties

3.3.1. Aerosol Scattering Properties

(1) Aerosol Scattering Coefficient

The scattering coefficient of aerosols is an important value among the aerosol optical properties,

because it reflects the scattering ability of the aerosols. The scattering coefficient variation at the
wavelength of 550 nm (o4_550) is shown in Figure 4a. It increased sharply during the haze period and
reached its maximum value of 4.49 km ™' during the afternoon of 11 June, which was the day with the
worst conditions. During the haze, the mean value (2.32 km ') was approximately 5.3 times that of
normal weather (0.44 km™"). This result indicated that the haze episode was severe and that it could
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have had adverse effects on human health. Zhang et al. found that the mean value of 65_550 on the
eastern coast of China (ECH) under haze conditions was 1.050 km ™', and that the maximum value for
ECH was 1.310 km ™' [23]. In a winter regional haze event in the NCP, the mean value of the scattering
coefficient was determined as 0.58 km ', which is 8.1 times higher than on non-haze days [3]. At
Wuging, Ma ef al. found a mean scattering coefficient of 0.74 km ' during a pollution episode in spring
and 0.87 km™' in summer [49]. Both values are lower than that determined in Wuhan, indicating the
severity of the Wuhan event. The rapid increase of the aerosol scattering coefficient was attributed
mostly to the large local aerosol loading within the regional transport.

Figure 4. Time series variations of aerosol optical properties during haze at LIESMARS
site during 6-14 June 2012. (a) Aerosol total scattering coefficient o5 550 (km™") at
wavelength of 550 nm and absorption coefficient ca, 532 (km™") at 532 nm; (b) Scattering
Angstrém exponents o5 and backscatter ratio b 550 at wavelength of 550 nm; (¢) Up-scatter
fraction B 550 and asymmetry parameter g 550 at wavelength of 550 nm; and (d) SSA o
at wavelength of 532 nm.
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(2) Aerosol Scattering Angstrdm Exponent

The aerosol scattering Angstrdom exponent (ay) reveals aerosol size information according to the
Mie theory. It can show that a decreasing trend with increasing aerosol size [23] is related to the spectral
dependence of the aerosol scattering coefficient, and can be measured using a multi-wavelength
nephelometer. The value of ay is determined by the aerosol size distribution and refractive index, and
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exhibits little relationship with aerosol concentration. Generally, it can be described using an empirical
equation in the range of the visible spectrum:

os(A) = Bs A% (2)

Here, o4(A) is the aerosol scattering coefficient at wavelength A, 5 is the conversion constant, and og
is the dimensionless scattering Angstrdm exponent. In order to cover a wide wavelength range, og was
calculated for wavelengths of 450 and 700 nm using the following formula:

o[22 ]

Figure 4b shows the variation of ag during this study. As shown, ag decreased rapidly from 1.7 in

the morning to around 1.3 at noon on 11 June, and remained consistently at about 1.4 until noon on June
12. This result indicates that particle size increased during the haze period. In the study by Zhang et al.,
the mean value of ag during the haze episode was 1.33, indicating that larger particles dominated in the
haze [23]. In the current study in Wuhan, the ¢ value of 1.4 indicates the growth trend of particle size,
but that the particle size was not large and that the majority of aerosols were still fine particles. Zhang
et al. reported that haze episodes caused by plumes transported over long distances often have higher
values of ag than haze caused by local emissions, and that long-distance transport appears to assist the
formation of haze episodes [23]. In the present study, the relatively high value of ag is consistent with
the conclusions of Zhang et al.; however, the results of Tan ef al. from a study in Guangzhou also
demonstrated that fine particles can play a dominant role in causing haze [11].

Particles emitted from biomass combustion can increase in size during long-distance transport,
leading to a decreasing trend of o [50], because particles can experience processes of solidification
and condensation during transportation [51]. In such cases, aerosols also undergo an aging process
over time, which also acts to increase particle size. Previous studies by Eck et al. [52,53] and O’Neill
et al. [54] have indicated that og can be reduced by >50% during the aging process of particles.
Moreover, during long-distance transport, water-soluble secondary aerosols could be formed in haze.
Owing to the comparatively higher RH during the haze period, such hydrophilic aerosols would have
easier access to water, which would also result in increasing particle sizes [55].

(3) Aerosol Asymmetry Parameter and Backscatter Ratio

The aerosol asymmetry parameter (g) reflects the forward scattering capability of particles and is
typically dependent on the scattering phase function. The backscatter ratio (b) is defined as the ratio of
the coefficient of aerosol backscattering to the scattering coefficient. When light reaches the aerosol
surface, it is partly scattered back into space, resulting in a cooling effect on the atmosphere.
This scattered part is known as the up-scatter fraction (3), which can be considered as the ratio of light
scattered back into space to the total scattered light [23]. Here, b can be measured using a
nephelometer. The aerosol asymmetry parameter and up-scatter fraction can both be retrieved based on
the backscatter ratio. These three physical quantities reflect the specific scattering effects of aerosols
within the total scattering. Thus, investigations into g, b, and 3 can help improve the understanding of
aerosol optical properties during haze periods.
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Figure 4b shows b_550 obtained by nephelometer at the green wavelength (550 nm) during the
experimental period. Before the haze occurred, b_550 was ~0.12 on 10 June; it then decreased to 0.10
on 11 June, before recovering to ~0.12 following the disappearance of the haze. Zhang et al. also
reported a mean value of b of 0.10 for a haze episode [23]. The value of b_550 is closely related to the
particle size and hygroscopicity. I1ziomon and Lohmann concluded that the lower value of b (0.11)
during haze events is indicative of the aged character and particle growth of smoke aerosols [56]. As
mentioned above, aerosols undergo an aging process during the time of solidification and
condensation, hydrophilic aerosols increase during transportation, and the decreased value of oy
indicates an increasing trend in particle size, all of which contributed to the lower value (0.10) of
b_550 during the haze in Wuhan. The up-scatter fraction § and asymmetry parameter can be calculated
according to the Henyey-Greenstein phase function, as shown in the following formulas [57]:

B = 0.082 + 1.85b — 2.97b? 4

1—g? 1 1
b= - (5)
28 \J1+g2 1+g

Table 2. Aerosol optical properties obtained during the study.

PM, 5 BC

Date 3 . BC/PMys 05550 0, 532 o b_550 g 550 B_550 W
(pg'm ) (pg'm )
26.00 2.71 0.09 0.22 0.02 1.60 0.10 0.66 0.24 0.92
6 June 2012
(16.50, 46.50) (1.11,4.67) (0.04,0.17)(0.13, 0.35)(0.01, 0.04) (1.54, 1.85)(0.09, 0.11)(0.62, 0.68)(0.23, 0.25)(0.87, 0.96)
7 Tune 2012 35.00 2.90 0.07 0.39 0.02 1.49 0.09 0.67 0.23 0.95
une
(26.00, 54.50) (2.33,4.91) (0.05,0.17)(0.29, 0.54)(0.02, 0.04)(1.17, 1.56) (0.09, 0.10) (0.65, 0.68)(0.23, 0.24) (0.89, 0.96)
36.00 2.65 0.07 0.27 0.02 1.57 0.10 0.66 0.24 0.93
8 June 2012
(22.50, 41.00) (2.22,3.20) (0.06,0.11)(0.17, 0.36)(0.02, 0.03)(1.46, 1.71)(0.09, 0.11)(0.62, 0.68)(0.23, 0.25)(0.89, 0.95)
29.00 2.74 0.10 0.22 0.02 1.72 0.11 0.62 0.25 0.91
9 June 2012
(23.50,36.0) (2.33,3.92) (0.08, 0.13)(0.13, 0.30)(0.02, 0.03)(1.57, 1.90) (0.10, 0.12)(0.61, 0.66)(0.24, 0.26) (0.87, 0.93)
31.00 291 0.08 0.23 0.02 1.72 0.10 0.65 0.24 0.92
10 June 2012
(25.00, 43.0) (1.71,4.34) (0.06, 0.12)(0.15,0.41)(0.01, 0.04)(1.63, 1.79)(0.10, 0.11)(0.63, 0.67)(0.23, 0.25) (0.89, 0.94)
304.00 11.58 0.03 2.45 0.10 1.52 0.10 0.66 0.23 0.96
11 June 2012
(22.00, 553.50)(2.22, 15.63)(0.02, 0.13)(0.21, 3.65)(0.02, 0.13)(1.39, 1.64)(0.10, 0.10) (0.66, 0.67)(0.23, 0.24) (0.92, 0.97)
242.00 8.34 0.03 1.28 0.07 1.66 0.11 0.64 0.24 0.95
12 June 2012
(115.50, 384.0)(5.45, 10.23)(0.02, 0.07)(0.50, 2.05) (0.05, 0.08) (1.52, 1.80)(0.10, 0.12)(0.61, 0.67)(0.23, 0.26) (0.89, 0.97)
130.00 5.89 0.05 0.59 0.05 1.61 0.11 0.63 0.24 0.93
13 June 2012
(83.50, 168.50) (2.85, 7.90) (0.03, 0.06)(0.29, 0.84)(0.02, 0.07)(1.50, 1.66) (0.10, 0.12)(0.60, 0.65)(0.24, 0.26) (0.89, 0.94)
132.50 5.70 0.05 0.54 0.05 1.46 0.10 0.65 0.24 0.93
14 June 2012

(108.50, 139.0) (4.44, 6.89) (0.04, 0.05)(0.46, 0.75)(0.04, 0.06)(1.36, 1.53)(0.10, 0.11)(0.65, 0.67)(0.23, 0.24)(0.92, 0.95)

Median values are stated on the top line and the 10th and 90th percentiles are stated underneath within

the parentheses.

Changes in 3_550 and g_550 during the experimental period are shown in Figure 4c¢. It can be seen
that the value of g_550 was higher (i.e., remaining at ~0.65) during the haze days of 10—12 June.
This shows that aerosol forward scattering played a dominant role during the haze. In the NCP, the
value of g was found to be 0.66 due to the growth of aged particles, which is similar to our results [23].
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The value of 3_550 remained at ~0.23 from 10-12 June, which can be considered as a low level.
With increasing concentration of aerosol particles, the total amount of scattered light would increase,
as would light scattered back into space and backscattered light. However, the ratio of the light
scattered back into space to the total scattered light (§_550) would not necessarily increase. The study
by Zhang et al. showed that the up-scatter fraction was 0.24, which is similar to our findings. Lower 3
values mean that haze pollutants can heat the atmosphere more efficiently [23] and in our study, the
low value of $ (0.23) indicates a heating effect on the air, which is consistent with the increased
atmospheric temperature mentioned above. The aerosol optical properties measured during the study
are summarized in Table 2.

3.3.2. Aerosol Absorption Properties

The aerosol absorption coefficient o, can reflect the absorption ability of aerosols. It can be
measured directly through observing the amount of light attenuation using an aethalometer or
calculated indirectly using BC concentration. Previous studies have described how to calculate o,
directly at any wavelength [58,59]; however, in this experiment, 6,;, was calculated indirectly based on
the following formula:

Ogp = A~ [BC] (6)

where a is the BC absorption efficiency conversion factor, which can be calculated according to the Mie
theory or through linear regression between BC concentrations and aerosol absorption coefficients [60—62].
In this study, the value of a used was 8.28 m*g '. This was obtained through linear regression (with
the correlation coefficient R? = 0.92) of the aerosol absorption coefficients (units: Mm ') measured by
PAS at 532 nm and BC concentrations (units: pg-m ) measured by the acthalometer at 880 nm [63].
Yan et al. used this value at the Shangdianzi (SDZ) Station [64] in northern China, and Zhao et al. also
used this value in the NCP [3]. The value of 8.28 m*g ' is higher than the optimal estimated value
provided by Bergin (8 m*g ") [65] and Bond (7.5 m*g ') [66], and lower than that obtained in
Colorado (10 m*g ") [67] and the Mexico City Metropolitan Area (8-10 m*g ") [68]. Fuller et al.
found that the o« value is low (7 m*g ") for diesel soot [69]. Table 3 lists the BC absorption efficiency
conversion factor o for the different sites.

Table 3. BC absorption efficiency conversion factor a at different sites.

Site a(m*g™) Reference
Urban Guangzhou, southern China 8.28 [63]
BTH, China 8.28 [3]

Big Bend Regional Aerosol and Visibility

Texas, USA 85 Observation Study (BRAVO) [61]
SDZ, China 8.28 [64]
Urban Beijing, China 8 [65]
Urban, Illinois, USA 7.5 [66]

Colorado, USA 10 Often used for urban aerosols [67]
Mexico City, Mexico ~8-10 [68]

Colorado, USA 7 Diesel soot [69]




Atmosphere 2014, 5 711

Figure 4a shows the variability of o,,_532. It increased sharply during the haze period and reached
a maximum value (0.15 km™") in the afternoon of 11 June. The mean values during the haze period and
non-haze period were 0.086 and 0.025 km ', respectively, i.e., the former was approximately 3.4 times
the latter. The results of Zhao ef al. reveal that the mean absorption coefficient during haze periods is
0.056 km ™' in the NCP, which is 5.2 times that during non-haze periods [3]. Additionally, the study by
Ma et al. [49] at Wuqing indicates that the mean absorption coefficients during air pollution events in
summer and spring were 0.11 and 0.09 km ™', respectively. The mean value of 0,,_532 in Wuhan was
larger than that in the NCP and similar to that at Wuqing, which shows that summer haze pollution
from transported biomass combustion is a serious problem in central China.

3.3.3. Single Scattering Albedo

The single scattering albedo (SSA) wo is defined as the ratio of the scattering coefficient to the
extinction coefficient of particles; the latter is the sum of the absorption and scattering coefficients.
The value of w can reflect directly the aerosol radiative forcing and reveal the relationship between
scattering and absorption coefficients [70]. For example, the value of ®, for a pure BC particle is only
0.2, which indicates that the BC particle has stronger light absorption ability than scattering ability.
The value of my is related to the size and composition of the aerosols [23] and it can be obtained using
integrated nephelometer and aethalometer. When calculating the SSA, the absorption and scattering
coefticients should be corrected to the uniform wavelength. In the present study, the SSA was calculated at
the wavelength of 532 nm. The details of the specific algorithm used can be found in a previous study [71].

As shown in Figure 4d, oo increased rapidly to ~0.97 from the morning of 11 June and remained
high throughout the haze days. During polluted conditions, the values of o were 0.89 at Wuqing [69]
and ~0.86 in Beijing [72], both of which are lower than that found in Wuhan. This indicates that
pollutants in Wuhan produced by biomass burning, rather than by local emissions, are more serious. Zhang
et al. found that larger values of ®, are observed when RH is higher [23], i.e., the water uptake by aerosol
particles results in higher wy [73], and the increasing trend in particle size produces non-light-absorbing
components. In summary, the aged aerosols could generate coating effects, which increase light
absorption. The solidification and condensation processes and secondary particles could increase light
scattering, overcoming the increase of absorption resulting from increases of ®¢ [74]. The high values
of ®y coincide with the decreases of ag and b, both of which are related to the growth and aging
characteristics of aerosols. Mie theory demonstrates that as aerosols grow in size and age by condensation
during transport, their mass scattering efficiency increases, leading to an increase in wy [55]. Overall,
changes in the composition and size of the aerosols caused the higher values of wy observed during the
haze episode.

3.3.4. Aerosol Vertical Structure during Haze

Ground-based observations could provide information about surface aerosol properties through
field experiments. However, the vertical distribution of particles is also needed in order to obtain
detailed information on the spatial structure of pollutants during haze events. Seasonal variations in the
vertical distribution of aerosols have been studied employing Raman Lidar at Shangdianzi station. It
has been established that a two-layer structure exists in haze events [75]. The present study made use
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of the CALIPSO 532 nm total attenuated backscatter coefficient By, 144 (2), volume depolarization
ratio V(z), total attenuated color ratio X(z), and aerosol sub-layer classification product to explore the
aerosol vertical structure. The variables can be calculated separately according to the following
formulas (http://www-calipso.larc. nasa.gov/resources/calipso_users_guide/browse/index.php):

BsszTotal (@) = [By(2) + By (2)]TEs,(2) (7)

Here, B;(z) and B, (z) are the backscatter coefficients of the perpendicular channel and the parallel
channel at height z for wavelength 532 nm, respectively, and T4, (z) is the atmospheric bidirectional
transmission at the wavelength of 532 nm. It is computed using the following formula:

Zsat

T, = exp] =2 | [om(z) + 04(2) + 0, (2)]dz ®)

where 0y, 05, and 0, are the extinction coefficients of atmospheric molecules, aerosols, and ozone,

respectively, and zg,, represents the height of the satellite. The volume depolarization ratio V(z) is
defined as the ratio of the perpendicular channel to the parallel channel:

Bs32,1(2) 0
Bss2, (@) ©)

V(z) can reflect the irregularity and non-spherical features of the particles. The total attenuated color

V(z) =

ratio X(z) is defined as the ratio of backscattering energy at 1064 nm to that at 532 nm, which can
reflect particle size; the larger the size, the larger the value of X(z). It can be defined as follows:

_ Bio64(2)
A T—c (10)

As shown in Figure 1b, the CALIPSO satellite passed over Wuhan (29.00°-32.00°N, 113.91°E) at
02:19:48 (LZT) on 12 June 2012, which was the day with the most severe haze. Figure 5a shows the
total attenuated backscatter coefficient for the 532-nm orbit height section of CALIPSO over Wuhan.
For most cases, the green—yellow—orange colors represent the characteristics of the aerosols, whereas
the red—gray—white colors represent the characteristics of the optically thick aerosol layer or optically thin
clouds. Blue usually represents areas without signals [42]. Aerosols can be seen primarily at altitudes lower
than 3 km, and their concentrations decrease considerably with height. The major components of the
atmosphere above 5 km are air molecules. The CALIPSO Level 2 aerosol sub-layer classification product
can be used to identify the types of aerosols (e.g., clean marine aerosols, dust aerosols, polluted continental
aerosols, clean continental aerosols, polluted dust aerosols, and smoke aerosols).

As shown in Figure 5b, several prominent stratifications can be seen below 3 km. During the haze
episode, there were two main segments: a polluted dust aerosol layer and a polluted continental aerosol
layer. It can be seen in Figure 5S¢ that most values of V(z) are below 0.2 between heights of 0—6 km,
which indicates that the aerosols were primarily regular shapes. Figure 5d shows that X(z) is mainly
0.5—-1.0 within the height range of 0—1.5 km, which indicates that particle sizes are not large at low
altitudes, which is consistent with the ag values obtained from the ground-based nephelometer.

Figure 6 shows the mean extinction coefficient profiles from the CALIPSO Level 2 aerosol profile
product. The blue and red colors represent the profiles not processed and processed by quality
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screening, respectively. Below 1 km height, the extinction coefficient remains as high as 1 km ', which
was very close to the mean extinction coefficient (1.27 km™') measured by the nephelometer and
aethalometer on the ground surface. The extinction coefficient then gradually decreases above 1 km,
which indicates that the highest concentration of pollutants was below 1 km.

Figure 5. Information on structure of aerosol vertical distribution from CALIPSO at
02:19:48 (LZT) on 12 June 2012. (a) 532 nm total attenuated backscatter coefficient;
(b) Level 2 aerosol sub-layer classification information (“—1”: undefined signal, “0: clean
marine aerosol, “1”: dust aerosol, “2”: polluted continent aerosol, “3”: clean continent
aerosol, “4”: polluted dust aerosol, and “5”: smoke aerosol); (¢) Volume depolarization

ratio; (d) Total attenuated color ratio.
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4. Conclusions

A severe haze episode that occurred in central China (Wuhan) from 6—14 June 2012 was studied.
The aerosol optical properties during the haze event were measured using ground-based equipment
(nephelometer, aethalometer, meteorological station, and particle detector) and satellite (CALIPSO).
The haze was caused mostly by the long-distance transport of particles from the combustion of
biomass (such as straw) during the harvest season in northern Anhui Province. During the haze days,
the mean mass concentrations of PM, s and BC were 9.9 (332.79 versus 33.66 pug-m °) and 3.2 times
(9.67 versus 2.99 pg-m ) greater, respectively, than during normal weather. The large acrosol loading
contributed to the high coefficients of acrosol scattering coefficient (2.32 km™') and absorption
(0.086 km ™). Particle size became larger consistent with the reduced scattering Angstrdm exponents. The
high asymmetry parameter (0.65) and SSA (~0.97) observed during the haze coincided with the
relatively low backscatter ratio (0.11) and up-scatter fraction (0.23), which were related to the
increased particle size and led to a heating effect on the atmosphere. Pollutants accumulated primarily
below the height of 3 km and their shapes remained regular. The mean extinction coefficient (~1 km ")
derived from CALIPSO was very close to that (1.27 km ') obtained by the ground-based equipment,
which revealed good agreement between the two types of observations.
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