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Abstract. The climatological variation of aerosol properties
and the planetary boundary layer (PBL) during 2013–2015
over the Yangtze River Delta (YRD) region were investi-
gated by employing ground-based Micro Pulse Lidar (MPL)
and CE-318 sun-photometer observations. Combining Mod-
erate Resolution Imaging Spectroradiometer (MODIS) and
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation (CALIPSO) satellite products, enhanced haze pollu-
tion events affected by different types of aerosol over the
YRD region were analyzed through vertical structures, spa-
tial distributions, backward trajectories, and the potential
source contribution function (PSCF) model. The results show
that aerosols in the YRD are dominated by fine-mode par-
ticles, except in March. The aerosol optical depth (AOD)
in June and September is higher due to high single scatter-
ing albedo (SSA) from hygroscopic growth, but it is lower
in July and August due to wet deposition from precipita-
tion. The PBL height (PBLH) is greater (means ranging from
1.23 to 1.84 km) and more variable in the warmer months of
March to August, due to the stronger diurnal cycle and ex-
change of heat. Northern fine-mode pollutants are brought to

the YRD at a height of 1.5 km. The SSA increases, blocking
the radiation to the surface, and cooling the surface, thereby
weakening turbulence, lowering the PBL, and in turn accel-
erating the accumulation of pollutants, creating a feedback
to the cooling effect. Originated from the deserts in Xinjiang
and Inner Mongolia, long-range transported dust masses are
seen at heights of about 2 km over the YRD region with an
SSA440 nm below 0.84, which heat air and raise the PBL, ac-
celerating the diffusion of dust particles. Regional transport
from biomass-burning spots to the south of the YRD region
bring mixed aerosol particles at a height below 1.5 km, re-
sulting in an SSA440 nm below 0.89. During the winter, the
accumulation of the local emission layer is facilitated by sta-
ble weather conditions, staying within the PBL even below
0.5 km.
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1 Introduction

Aerosol particles influence Earth’s radiation budget and play
a significant role in global and regional climate change
(Hansen et al., 1997; Che et al., 2015a; Zhang et al., 1998; Li
et al., 2016). Despite numerous studies on aerosols, there is
still much uncertainty surrounding aerosol optical properties
in relation to current assessments and predictions of global
climatic change (IPCC, 2007; Stocker et al., 2013). The fre-
quent occurrence of regional pollution demands worldwide
attention because of the serious consequences it can have on
visibility and human health (Wu et al., 2012; Sun et al., 2018;
Chan and Yao, 2008; Bi et al., 2015).

The planetary boundary layer (PBL) is a critical compo-
nent of Earth’s climate system (Medeiros et al., 2005). The
PBL is directly coupled with the land surface, and its height
(PBLH) plays a significant role in determining the vertical
distributions of aerosol particles (Deardorff, 1972). Based on
the research of Tang et al. (2016), the atmospheric mixing
layer provides useful empirical information for improving
meteorological and atmospheric chemistry models and the
forecasting and warning of air pollution. The higher the accu-
mulation of ambient aerosols, the less solar radiation reaches
the surface, which will further restrict the development of
the PBL, thus compounding the air pollution near the surface
during prolonged stagnant weather conditions (Gao et al.,
2015; Petäjä et al., 2016; Leng et al., 2015). Lidar measures
the intensity of backscattered light as a function of distance
from the instrument. The change in backscatter across the top
of the boundary layer provides a convenient means of deter-
mining the PBLH. Long-term, continuous PBLHs are pro-
vided by Micro Pulse Lidar (MPL) observations to ascertain
seasonal variations (Ku et al., 2006; Lewis et al., 2013).

To analyze the spatiotemporal distribution of aerosol op-
tical properties, multiple measurements from diverse an-
gles have been conducted by researchers worldwide. Satel-
lite remote sensing and ground-based observations are two
approved ways of monitoring the long-term variation of
Earth’s aerosol properties. Holben et al. (2001), Che et al.
(2015a), and Tao et al. (2014) used ground-based Cimel sun-
photometers and found a decreasing trend in aerosol optical
depth (AOD) from 2006 to 2009, but an increase of ∼ 0.03
from 2009 to 2013 in China. Chauvigné et al. (2016) com-
pared aerosol extinction with continuous high-altitude near-
surface in situ measurements and low-altitude ground-based
remote sensing atmospheric column measurements over a 1-
year period at the Puy de Dôme station, utilizing several
in situ instruments such as the Cimel sun-photometer for
the whole column, and lidar for vertical multi-altitude. Wu
et al. (2017) used a variety of ground-based instruments
and satellite sensors, including Moderate Resolution Imaging
Spectroradiometer (MODIS), Atmospheric Infrared Sounder
(AIRS), Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observation (CALIPSO), and Ozone Monitoring Instru-
ment (OMI) products, to detail an integrated observation of

an agricultural biomass-burning episode in Nanjing, China.
It is significant to estimate the leading pollution contribu-
tor using a combination of remote sensing and satellite data
(Z. Chen et al., 2017). Along with the observations, trajectory
models (e.g., HYSPLIT) for air mass tracking and potential
source apportionment have been applied to analyze the ori-
gins of aerosols (Wang et al., 2006b).

The Yangtze River Delta (YRD) region is a key economic
and cultural hub in China, with progressive development re-
sulting in further particle emissions from industry and other
anthropogenic activities. Many studies have been conducted
on the aerosol optical properties and their variations in the
cities of the YRD, such as Shanghai, Nanjing, Lin’an, and
Taihu (Xia et al., 2007; Pan et al., 2010; He et al., 2012; Ding
et al., 2013; Liu et al., 2015; Xing et al., 2017). Particularly
in Hangzhou, the capital city of Zhejiang province, some re-
searchers have focused on determining the seasonal varia-
tion of aerosol properties, chemical compositions, and par-
ticulate matter (PM) concentrations (Qi, 2016; Ming et al.,
2017; Xiao et al., 2011), or single-case analyses on features
of a particular pollution process (Chen et al., 2012; Fu et al.,
2014; Li et al., 2015). However, research into the sources of
pollutants in the YRD region is still needed to understand the
mechanisms underlying haze pollution. Among these stud-
ies, there is a lack of long-term analysis of aerosols and their
sources. In addition, single-case analysis is insufficiently rep-
resentative of a site that experiences frequent haze occur-
rence. There are a lack of comprehensive studies in progress
that analyze multiple aspects. In particular, studies in the
YRD urban area have been based almost exclusively on data
from in situ measurements, or on whole-column measure-
ments that do not resolve the vertical distribution. This can
be obtained from satellite monitoring or ground-based lidar
measurements. The retrieved time–height cross section of the
extinction coefficient can reflect the vertical distribution and
structure of the aerosol layer continuously, which will con-
tribute to the optimization of the satellite retrieval algorithm
and the verification and improvement of the results from both
satellites and models.

In this study, multiple data sources are analyzed to fur-
ther understand the mechanisms underlying haze pollution
affected by different aerosol transportation over the YRD re-
gion in eastern China. Hangzhou is selected as a representa-
tive site. The remainder of the paper is organized as follows:
in Sect. 2, the methods and data are presented, and in Sect. 3,
seasonal aerosol optical properties, PM concentrations, and
PBLHs from 2013 to 2015 are analyzed to illustrate the gen-
eral aerosol characteristics over the urban area of the YRD.
Four typical haze pollution episodes affected by different
types of aerosol transported to the urban area of the YRD are
analyzed using ground-based sun-photometer and MPL data
for obtaining the optical properties and vertical distribution,
satellite data from MODIS and CALIPSO for confirming the
observed results, PM concentration data to build an overview
of the spatial distribution of pollutants in eastern China, and
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Figure 1. Terrain elevation and location of the Yangtze River Delta region in China.

reanalysis data for depicting the wind fields and calculating
backward trajectories and potential source contributions. In
Sect. 4, a brief summary is given.

2 Methods and data

2.1 Ground-based sun-photometer and lidar
measurements

In this study, the aerosol optical properties were measured
in Hangzhou (30◦14′ N, 120◦10′ E; 41.7 ma.s.l.). This site
lies in the West Lake scenic area, which is a commercial and
residential area in the southern part of the city (Fig. 1). The
AOD at 440, 670, 870, and 1020 nm was measured from Jan-
uary 2013 to December 2015 using a CE-318 sun-photometer
with a 1.2◦ full field of view (Holben et al., 1998). The vali-
dated AOD data presented in this article were obtained using
the ASTPwin software developed by Cimel Co. Ltd. (Che
et al., 2013) for level 1.5 AOD (cloud-screened). Aerosol op-
tical properties were processed using the method of Dubovik
et al. (2000) and Dubovik and King (2000), based on the al-
mucantar measurement data of the Cimel sun-photometer.
The Cimel sky radiance measurements taken at 440, 670,
870, and 1020 nm, in conjunction with direct sun AOD data
collected at the same wavelengths, were used to retrieve
volume aerosol size distributions (dV/dln(r) in the size
range 0.05 to 15 µm), single scattering albedo (SSA) val-
ues, Ångström exponent (AE), absorption AOD (AAOD),
and volume concentrations of fine- and coarse-mode aerosols
(Eck et al., 2010; Che et al., 2014). Only SSA and AAOD
results with AOD440 nm > 0.40 were used due to the high un-
certainties inherent in lower AOD values (Che et al., 2015b).

The ground-based lidar instrument used was the MPL in-
stalled at the Hangzhou National Reference Climatology Sta-
tion. The MPL produced by Sigma Space Corporation is an
elastic back-scattering lidar, equipped with a 532 nm wave-
length laser launcher. In this study, aerosol measurements
were obtained with a 30 m range resolution and a 30 s accu-
mulation time, and a blind area of detection existed ranging
from 200 to 300 m. The aerosol extinction coefficient pro-
files, PBLH, and AOD were retrieved during 2013–2015 us-
ing the algorithm of Fernald (1984), which considers the at-
mosphere to be comprised of aerosols and air molecules (Liu
et al., 2016).

2.2 MODIS and CALIPSO data

The MODIS instrument operates on both the Terra and Aqua
satellites. In this study, to illustrate the spatial distribution
of AOD, we used the daily AOD combined dark target and
deep blue data at 550 nm for land and ocean from MODIS
Level 2 Atmosphere Products, during 9–15 October 2015
(Levy et al., 2007a, b). Global MODIS hotspots detected dur-
ing 6–13 August 2013 in China were obtained from the Fire
Information for Resource Management System for fire loca-
tions (https://firms.modaps.eosdis.nasa.gov/).

The products of CALIPSO were used for this study, and
these are available at the NASA Langley Research Cen-
ter (https://www-calipso.larc.nasa.gov/). The primary instru-
ment carried on the CALIPSO satellite is the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP). In this work,
we selected the V4.10 CALIOP Level 2 data products to ac-
quire the images of vertical feature masks and aerosol sub-
types (Omar et al., 2009; Winker et al., 2009; Vaughan et al.,
2004).
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2.3 Reanalysis data for the PBLH and wind field

The reanalysis data for the PBLH and wind fields were
downloaded from the European Centre for Medium-Range
Weather Forecasts (ECMWF), ERA-Interim (http://apps.
ecmwf.int/datasets/). The monthly average PBLH values
were from 2013 to 2015, and the daily wind fields were ana-
lyzed at different pressure levels with a spatial resolution of
0.5◦× 0.5◦.

2.4 Surface in situ PM2.5 and PM10 data

In 2012, the China National Environmental Monitoring Cen-
ter began to make hourly observations of PM2.5, PM10, and
other atmospheric pollutants in 367 major cities in China
(http://106.37.208.233:20035/). In this work, the hourly data
were processed to obtain the daily and monthly PM2.5 and
PM10 concentration results during 2013–2015.

2.5 Backward trajectory, PSCF, and CWT analysis

Three-dimensional 72 h air mass backward trajectories at
multiple altitudes over Hangzhou every 6 h (00:00, 06:00,
12:00, and 18:00 UTC) were calculated using the NCEP
FNL (National Centers for Environmental Prediction Final
Analyses) archive data. The software TrajStat (http://www.
meteothinker.com/products/trajstat.html) (Ngan et al., 2015)
was used. The cluster methods of air mass backward trajecto-
ries from Sirois and Bottenheim (1995) were applied to con-
firm the major transport pathways.

To determine the pollutants’ source locations and prevail-
ing transport pathways, backward trajectories combined with
PM concentrations (referred to as the potential source contri-
bution function (PSCF) model and concentration weighted
trajectory (CWT) model) were used. A weighting function
was applied to better reflect the uncertainty in the values, and
this is referred to as WPSCF and WCWT in each model, re-
spectively (Polissar et al., 1999; Hsu et al., 2003; Xin, 2016;
Seibert et al., 1994). The specifics of the two models’ param-
eters and algorithms have been described in detail by Wang
et al. (2006b).

3 Results and discussion

3.1 Variation in PM2.5 and PM10 mass concentration

Figure 2a shows the monthly variation in mass concentra-
tions of PM2.5 and PM10 and the proportion of PM2.5 to
PM10 during 2013–2015 in Hangzhou. It can be seen that
mass concentrations of PM10 and PM2.5 in the YRD region
are distinctly higher in January (129.39 µgm−3), November
(96.32 µgm−3), and December (119.16 µgm−3) than in other
months, while the PM2.5 : PM10 ratio during these months
plus February also exceeds other months, ranging from 76.1
to 86.6 %. Meanwhile, the lowest concentrations occur in

July and August, which can result from wet deposition due
to the abundant precipitation at this time of year (Jacob and
Winner, 2009). These results verify the findings of Ming
et al. (2017), Cao et al. (2009), and Wang et al. (2006a), that
the highest and lowest PM2.5 mass concentrations occur, re-
spectively, during the winter and summer in the YRD region.
For the other months, concentrations of PM10 are high but
the PM2.5 accounts for less than 65 % during March to May.

3.2 Variation in aerosol optical properties

Figure 2b depicts the monthly means of the AE between 440
and 870 nm and the AOD at four different wavelengths (440,
670, 870, and 1020 nm) in Hangzhou during 2013–2015, re-
trieved from the CE-318 sun-photometer. The monthly vari-
ation trends of AOD means at the four wavelengths are con-
sistent, and the values of AOD440 nm are the highest among
them. The averaged AOD440 nm values during January to May
are about 0.8, and the AOD values at the four wavelengths
reach their maxima in June at 1.20± 0.55, 0.76± 0.37,
0.54± 0.25, and 0.43± 0.20, respectively. After June, AODs
reduce to less than 0.8, and in August the mean values
reach their minima at 0.59± 0.34, 0.32± 0.21, 0.23± 0.14,
and 0.18± 0.10, respectively. In September, the values in-
crease again to 1.07± 0.54, 0.63± 0.38, 0.43± 0.26, and
0.32± 0.20, respectively, after which the AOD440 nm means
decrease below 0.8 during October to December.

In general, AODs in June and September are relatively
high; yet in July and August they are lower than in other
months. The results of July and August agree with Qi (2016)
that the lowest AOD appears in summer, with a mean value
of 0.72± 0.58 at 440 nm in Hangzhou. According to Che
et al. (2014), the relatively low PM mass concentrations may
result from the substantially increased precipitation in the
YRD region in summer (including July and August) due to
the summer monsoon, which can decrease the concentration
of atmospheric aerosols through wet deposition. This pat-
tern has also been observed in Taihu and Lin’an (Pan et al.,
2010). Because the subtropical anticyclone begins to move
north and precipitation decreases from the end of August to
the beginning of September, the AOD increases in Septem-
ber. Nevertheless, the peak in the monthly AOD means in
Pudong occurs in June, which may derive from the stable
weather caused by the lack of strong winds (Duan and Mao,
2007).

The monthly mean AEs (AE440–870 nm) vary almost in-
versely to the AOD and are all greater than 0.8, which in-
dicates that the AODs are dominated by fine particles in
the YRD region during 2013–2015 (Qi, 2016; Eck et al.,
2012). When AE440–870 nm is greater than 0.8 at East Asian
sites, fine-mode aerosols emitted from population centers in
East Asia dominate the aerosol optical properties even on
spring dust days, during which pollution aerosols are mixed
with coarse-mode particles. Comparing the bars’ heights in
the figure, the minimum monthly averaged AE440–870 nm oc-
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Figure 2. Monthly variation in averaged (a) mass concentration of PM2.5 and PM10, (b) AOD (440, 670, 870, and 1020 nm) and AE (between
440 and 870 nm), (c) volume size distribution, and (d) SSA (440, 670, 870, and 1020 nm), during 2013–2015 in Hangzhou.

curs in March (1.16± 0.24) and the maximum in Septem-
ber (1.41± 0.25). This shows the influence of long-distance
dust transport from the desert districts located in northern and
northwestern China (Zhang and Li, 2012; Gong et al., 2003),
which can have an influence on the YRD region.

Figure 2c shows the monthly volume size distributions
of aerosols during 2013–2015 in Hangzhou. In general, the
size distributions show a bimodal logarithm normal structure:
a fine mode with radius < 0.6 µm and coarse mode with ra-
dius > 0.6 µm (Dubovik et al., 2002). Nevertheless, in June
and September, the distribution appears trimodal, indicat-
ing a tendency for hygroscopic growth in fine-mode parti-
cles in the YRD region (Pilat and Charlson, 1966). In June
and September, the fine modes reach maximum peaks at
a radius of 0.34 µm, while other months’ peaks occur at
a radius of 0.15 µm. As for the coarse mode, March, April,
November, and December peaks occur at a radius of 2.24 µm,
while the peak radius during the other months is larger than
2.24 µm. Because of the dust transport, coarse modes dom-
inate in March, while in July, August, and September the
coarse mode only contributes a small fraction. Conversely,
the fine particles play a leading role in the other months, par-
ticularly in June and September. This situation may arise due
to the mixed influence of hygroscopic growth, coagulation
growth, and different species of aerosols emitted from var-
ious sources (Li et al., 2007; Zhu et al., 2014; Che et al.,
2014). Hygroscopic properties of ambient particles in urban
Hangzhou are mainly a function of their size and chemical

composition (Zhang et al., 2011). Since the highest AOD
values are seen in June (but not in July and August), it is
suggested that the hygroscopic growth in the fine mode leads
to enhanced scattering, which significantly raises the AOD
values in the YRD region.

The SSA is defined as the ratio of the scattering coeffi-
cient to the extinction coefficient, and it is one of the key
parameters used in assessing the radiation effect on climate
change (Jacobson, 2000). Highly absorbing particles, includ-
ing urban industrial aerosols, have a warming effect, while
low absorbing particles such as dust can have a cooling ef-
fect (Dubovik et al., 2002). Figure 2d shows the monthly
variation of SSA at the 440, 670, 870, and 1020 nm wave-
lengths. From September to February, the SSAs at the four
wavelengths are close and relatively high. However, over
the warmer months of March to August, the values de-
crease and the difference between the wavelengths becomes
greater, particularly in July and August with low SSA, which
may imply that the low-SSA particles are more sensitive
to the wavelength variability. The minimum SSAs occur in
August at 0.869± 0.095, 0.839± 0.114, 0.793± 0.149, and
0.762± 0.169, respectively; the maximum is in September,
with the highest value of 0.963± 0.033 at 440 nm. As a re-
sult, the aerosols in the YRD region during August tend to
be absorbing, but during September the hygroscopic aerosol
particles become more capable of light scattering through
condensation and evaporation of water vapor (Adachi et al.,
2015), which may result from the variability of the aerosols’
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composition and sources in the ambient atmosphere. Accord-
ing to studies by Qi (2016) and Xia et al. (2007), the absence
of a heating period in southern China in winter causes higher
SSA than in northern cities such as Beijing, where biomass
burning can emit black and organic carbon. According to the
results of monthly AOD and the volume size distribution pre-
sented in this article, the high level of AOD in September
may be due to the strong scattering ability provided by the
prominent hygroscopic growth.

3.3 Variation in the PBLH measured by lidar

In this study, by utilizing the backscatter signal at 532 nm
with an MPL, the PBLHs from 2013 to 2015 at Hangzhou
were retrieved at a 10 min temporal and 30 m spatial res-
olution. To verify the reliability of these PBLHs, we used
the monthly averaged reanalysis data of the PBL from ERA-
Interim to obtain a linear fit with the PBLHs from MPL (af-
ter computing the monthly average). The Pearson’s correla-
tion coefficient between these two monthly averaged series is
0.88, which passes the significance test at the p= 0.1 level.
Despite the strong correlation between the reanalysis- and
the MPL-derived PBLH, the values obtained from the reanal-
ysis data are significantly lower than those from the MPL. It
is suggested that improvements are needed in the reanalysis
data.

Since the PBLHs retrieved from the MPL are reliable, we
adopt them to examine the monthly variation characteristics
in the YRD region during 2013–2015. Figure 3 shows the
monthly averaged height of the PBL and its 5th and 95th per-
centile box plots during 2013–2015 in Hangzhou. Due to the
blind detection area of the MPL, the minimum value is about
300 m above the surface. During the warmer months (includ-
ing March to August), the monthly means of the PBLH are
above 1 km, and the range between the 5th and 95th per-
centiles is greater than 1 km, varying from above 0.5 km to
about 2 km. Conversely, mean PBLHs in the colder months
are almost below 1 km and the range between the 5th and
95th percentiles is half that in the warmer months, ranging
from about 0.5 km to below 1.5 km. The wider range in the
warmer months may result from a stronger diurnal cycle (Liu
and Liang, 2010) and daily exchange of heat and mass in the
PBL (Medeiros et al., 2005). These characteristics help to ex-
plain the higher in situ PM mass concentrations in the winter
months than in summer discussed above.

3.4 Case analysis of pollution sources

For a further explanation of the monthly variation in aerosol
optical properties, and to examine the variety of pollutant
sources affecting the enhanced haze pollution events in the
YRD region, four cases with different transportation cate-
gories are discussed here, combining ground-based observa-
tion, remote sensing, reanalysis, and satellite data, to build
a comprehensive analysis (Fig. S6 in the Supplement).

Figure 3. Monthly variation of averaged PBLH retrieved from the
MPL, and their 5th and 95th percentile box plots during 2013–2015
in Hangzhou.

3.4.1 Pollutants transported from polluted areas in
northern China

A few episodes of pollutants transported from northern China
were detected by the MPL, as illustrated in Fig. 4a, which
shows the time–height cross section of extinction coefficients
in Hangzhou. The aerosol vertical distributions were further
assessed by extracting profiles of aerosol extinction coef-
ficient from the MPL on a daily basis during this period
(Fig. 5). On the first day, 9 October 2015, the thin external
aerosol layer is seen around 1 km during nighttime, when the
maximum extinction coefficient is more than 0.6 km−1, and
this is separate from the lower local pollutants layer. Dur-
ing the following three days, the external aerosol masses are
around 1 km at nighttime and above 1.5 km during the day-
time, and they appear to be multilayer in structure. Mean-
while, the daily averaged PBLH is around 1.2 and 1.5 km
on 11 October and 12 October, respectively, sitting above
the aerosol layer at nighttime and beneath it during the day
(Fig. 6). With the PBL pushing down, the aerosol layer be-
gins to descend from the afternoon of 12 October, contin-
ues to descend to below 1 km until 15 October, and then
mixes downwards into the local emissions aerosol layer.
Concurrently, the peak extinction coefficients vary from 0.2
to 0.5 km−1, reaching their maxima when the external and
local pollutants mix together in the PBL. To verify the signif-
icance of the PBL in this process, the Pearson’s correlation
coefficient between the daily averaged PBLH from the MPL
and the daily mass concentration of PM2.5 during 9–15 Oc-
tober was computed. The result appears negative, at −0.88
(passing the significance test at the p= 0.1 level), which in-
dicates that the descending PBL accelerates the accumulation
of PM mass from the two aerosol layers in it.

Aerosol optical properties from the CE-318 retrieval data
are exhibited in Fig. 6. According to the pattern of volume
size distribution during 11–15 October 2015, the fine mode
dominates, which can be related to the volume of both modes
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Figure 4. Time–height cross section of the ground-based lidar-derived extinction coefficient at 532 nm in Hangzhou during (a) 9–15 October
2015, (b) 5–9 March 2013, (c) 6–13 August 2013, and (d) 27–29 December 2013. BT refers to Beijing Time.
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Figure 5. Profiles of the aerosol extinction coefficient from MPL-retrieved data, averaged for daytime and nighttime during 9–15 October
2015 in Hangzhou.

as well, and the peak radius growth from 0.11 to 0.15 µm
is attributable to the hygroscopic growth, which may help
strengthen the scattering ability of the particles (SSA is up
to 0.96 at 440 nm). The daily averaged AODs at 440 nm are
all above 0.65 during this process. On 15 October, the AOD
is close to 1.00 at 440 nm when the two aerosol layers mix.
The SSAs at all four wavelengths continue to increase from
11 to 14 October and decrease on 15 October. The values
at 440 nm vary from 0.95 to around 0.97. The AAODs show
a corresponding variability trend with AOD and the volume
of the coarse mode, which dominates the absorbing features.
The maximum AAOD at 440 nm is 0.056 on 12 October, and
the minimum is 0.026 on 14 October.

Due to the continuous aerosol-transport signals detected
by the MPL during 9–15 October 2015, trajectories over
this period were grouped into three clusters, as depicted in
Fig. 7a-1. Cluster 1 contributes the maximum proportion of
50.00 % and comes from northern China, via Hebei, western
Shandong and Jiangsu provinces, traveling southwards to the
YRD region. This cluster relates to the highest PM2.5 con-

centration (81.05± 28.18 µgm−3). Cluster 2 travels on the
lowest and fastest stemming from north of Anhui Province,
accounts for 30.95 %, and correlates with the PM2.5 concen-
tration of 74.45± 30.17 µgm−3. The highest air mass trajec-
tories associated with cluster 3 account for 19.05 % and orig-
inate from the eastern edge of Xinjiang at an altitude above
5000 m, also passing through Henan and Anhui provinces to
Hangzhou.

The WPSCF reveals the spatial distribution of the prob-
abilities of the potential PM2.5 sources obtained by the
HYSPLIT model and PM2.5 concentrations. As shown in
Fig. 7a-2, the most likely source areas with WPSCF val-
ues for PM2.5 cover most of Henan, Anhui, Jiangsu, and
Shandong provinces, in which the WPSCF values are over
0.8. Figure 7a-3 shows the spatial distribution of the WCWT
value, which provides information regarding the relative
contribution of source regions potentially affecting PM2.5
(> 35 µgm−3) in Hangzhou, similar to the WPSCF pattern.
The northern part of Henan and the western Shandong region
(including the south of the Beijing–Tianjin districts), with
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Figure 6. Daily averaged variation in aerosol optical properties and PBLH in Hangzhou during 11–15 October 2015.

www.atmos-chem-phys.net/18/2949/2018/ Atmos. Chem. Phys., 18, 2949–2971, 2018



2958 T. Sun et al.: Aerosol vertical distributions and their regional transport

Figure 7. Mean 72 h backward trajectories of each trajectory cluster and spatial distributions of WPSCF and WCWT values for PM2.5 in
Hangzhou during (a) 9–15 October 2015, (b) 5–9 March 2013, and (c) 6–13 August 2013.

rather high WCWT values (> 75 µgm−3), is recognized as
the area contributing the most PM2.5. Combining the daily
spatial distribution of PM2.5 concentrations with AOD from
MODIS retrieval data over eastern China (Figs. S1–S2 in the
Supplement), districts where the air mass trajectories pass in-
tensively can be seen to have relatively high pollution levels.
These include Henan, Hebei, Anhui, and Jiangsu provinces,
situated in the North China Plain, which has been recognized
as another center of high PM2.5 concentrations (Zhang et al.,
2012, 2013). In addition, the pollution scope from the north
to the YRD region is becoming wider and more serious day
by day.

Furthermore, daily wind fields at 850 hPa (height of about
1.5 km, at which the transport is detected by the MPL) from
ECMWF (Fig. S1 in the Supplement) verify the northwest
wind prevailing over eastern China during this case, which
brought the pollutants from northern China to the YRD re-

gion. The wind speed gradually declines, benefiting the for-
mation of stable conditions during the last few days. Note
that CALIPSO’s acquisition of the aerosol vertical distribu-
tion on 14 October is consistent with the above results that an
aerosol layer under 2 km exists over Hangzhou and the areas
further north (where intensive trajectories passed over), and
it is identified as being in “polluted continental” or “polluted
dust” categories (Fig. 8a). Under certain circumstances, how-
ever, smoke aerosols can be misidentified as polluted dust
aerosols (Xia et al., 2013).

Although a dry, clean northwestern airstream prevails in
eastern China during winter (Tao et al., 2012), northern
winds near the surface may not be strong enough to blow the
pollutants away from eastern China but transport the particle
pollutants to the central part of the North China Plain. The
continuing northwesterly winds blow particle pollutants to
the YRD region (Li et al., 2014; Ming et al., 2017). A similar
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Figure 8. CALIPSO L2 products of vertical feature mask, aerosol subtype, and its ground track on (a) 11 October 2015, (b) 5 March 2013,
(c) 5 August 2013, and (d) 27 December 2013.

transport mechanism occurs in this case during 9–15 October
2015. Northerly pollutant transport at 850 hPa primarily re-
sults in an increase in PM2.5 mass concentration, which is fa-
cilitated by the occurrence of the descending external aerosol
layers, pushed down by the PBL. Pollutants from the North
China Plain are dominated by fine particles, which tend to-
wards hygroscopic growth with adequate requisite moisture
in the YRD region, increasing the SSA over Hangzhou. As
a result, the increasing scattering aerosols transported from
haze areas of North China block the solar radiation to the

surface, creating a cooling effect. If that is the case, turbu-
lence will correspondingly weaken, and the PBLH will de-
crease, facilitating the accumulation of pollutants at lower
heights. The accumulation of air pollutants can then inten-
sify the scattering ability, forming a positive feedback mech-
anism.
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3.4.2 Pollutants transported from desert areas

Dust events in spring contribute to high AODs, particularly
in northern and eastern China (Che et al., 2015b). They are
transported over long distances and their influence can be
identified on regional and even global scales (Chin et al.,
2007; Uno et al., 2009; S. Chen et al., 2017; S. Y. Chen et al.,
2017). For instance, Asian dusts are frequently observed in
spring and result in air pollution in the downwind areas of
East Asia (Kim et al., 2010; Sakai et al., 2002, 2003; Liu
et al., 2011; Li, 2015), such as the YRD region, including
Nanjing and Shanghai (Yong et al., 2015; Huang et al., 2013).

A series of transported aerosol masses from the north-
western desert area over the YRD region were monitored
by the MPL and are seen in the time–height cross section
of extinction coefficients at 532 nm during 5–9 March 2013
in Fig. 4b. Throughout this period, the volume size distri-
butions and particle volumes are strongly dominated by the
coarse mode (Fig. 10). The peak radius of the fine mode is
around 0.11 µm and 1.3 µm for the coarse mode. The AOD
on 7 March is around 0.88, when the transported aerosol
layer is most intense, while the value on 6 March is just
0.47 at 440 nm. Early on 5 March, the intensive layer is de-
tected at 1.5 km and the peak extinction coefficient is around
0.65 km−1, according to the profiles shown in Fig. 9. The
SSAs retrieved from the CE-318 are 0.84, 0.91, 0.91, and
0.90 at 440, 670, 870, and 1020 nm, respectively, which are
lower than those for the northern transported particles. The
corresponding AAODs are 0.13, 0.05, 0.04, and 0.04, respec-
tively, which are higher than the values during the north-
ern transportation case. The particles in this case are more
strongly absorbing than the type transported from the north-
ern polluted areas discussed in the previous section. The
transported mass weakens on the second day until night,
when the aerosol layer lies between 1.0 and 2.5 km, with
the peak coefficient above 0.4 km−1. Correspondingly, the
volumes of both modes decrease, and this is accompanied
by a drop in SSA and AAOD to 0.79 and 0.1, respectively,
at the 440 nm wavelength. During 7–8 March, a thickening
of the external aerosol layer is accompanied by a substantial
increase in the volume of coarse-mode particles, coinciding
with an increased AAOD to 0.15 on 7 March and 0.13 on
8 March, at 440 nm. The peak extinction is about 0.2 km−1

above a height of 2 km. On the last day of this case, no ex-
ternal aerosol layer is detected by the MPL (the noisy signals
shown in the profiles in Fig. 9 may result from an instrumen-
tal malfunction), and the absorption weakens due to the re-
duced volume. Note that the SSAs show little change during
the last three days, which implies that SSA may not be sensi-
tive to the variation of particles in the dominant coarse mode.
Meanwhile, the PBLH above the aerosol layer varies from
2.0 km to about 3 km continuously in this case, dissipating
the transported dust particles and causing the peak extinction
coefficients to decrease each day.

Table 1. Trajectory number and PM mean concentration of each
cluster in Hangzhou during three cases, including case 1 (trans-
portation from haze area of North China), case 2 (transportation
from northwestern dust area), and case 3 (transportation from south-
ern biomass-burning area).

Case Cluster Number Mean (µgm−3)

1 1 41 81.05± 28.18
2 22 74.45± 30.17
3 9 76.11± 35.51

2 1 12 71.08± 60.00
2 7 84.57± 18.26

3 1 61 54.52± 16.63
2 26 39.04± 10.14

From the CALIPSO L2 retrieval results of vertical feature
mask and aerosol subtypes (illustrated in Fig. 8b), a 3 km
thick aerosol layer can be seen on 5 March 2015 in the north-
western upwind areas of the YRD, with a mixture of dust and
polluted dust. After this, a thin external layer is detected.

Assuming that the extraneous aerosol layer was dust,
based on the in situ and satellite observations, 72 h back-
ward trajectory analysis was applied to determine the source
of the dust. Since the dust aerosol layer is most intense at
2 km, the start location of the trajectory calculation was set
to be 2000 m. Figure 7b-1 shows three cluster trajectories
changing with height. The air masses associated with clus-
ter 1, accounting for 55 %, originate from the Gurbantünggüt
Desert lying in northern Xinjiang, and they move southeast-
erly over the Gobi Desert, which agrees with the results from
Bi et al. (2017), and the Badain Jaran Desert located in In-
ner Mongolia. This trajectory is similar to the dust pathway
to Xi’an described by Wang et al. (2006b). The air masses
associated with cluster 2, accounting for 35 %, follow paral-
lel paths from the Kumtag Desert in western Xinjiang, and
they pass over the Loess Plateau. The cluster 3 stems from
Guangxi Province at an altitude below 3000 m and does not
pass over a desert area.

The number of trajectories in each cluster and the corre-
sponding PM10 mean concentrations for all trajectories are
summarized in Table 1. Based on the mean PM10 concentra-
tions in each cluster, clusters 1 and 2 take the most primary
role in bringing dust to the YRD region. Combining the dis-
tribution of WPSCF and WCWT values, the sources most
likely to affect the YRD are located in the deserts of north-
western China, collectively termed the “Western High-Dust
Desert” (Zhang et al., 1998), which include the Gurbantüng-
güt Desert, the Gobi Desert, and the Badain Jaran Desert,
covered by cluster 1. From the intensive trajectories’ path-
ways, Henan and Anhui provinces also appear to be highly
likely source regions located upwind of the YRD, which just
corresponds to the vertical feature mask from the CALIPSO
L2 products that show a mixed layer of dust and polluted
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Figure 9. Profiles of aerosol extinction coefficient from MPL-retrieved data averaged for daytime and nighttime during 5–9 March 2013 in
Hangzhou.

dust in Anhui Province. The WCWT results make the po-
tential sources explicit. The Gobi Desert and Henan and An-
hui provinces are prominent sources of dust transported to
Hangzhou.

The daily spatial distributions of PM10 concentrations and
wind fields at 750 hPa in eastern China during 5–9 March
2013 are shown in Fig. S3 in the Supplement. The in situ
mean PM10 concentration on 5 March is between 200 and
250 µgm−3, while for the remaining days it is between 150
and 200 µgm−3 in Hangzhou. The wind fields at 750 hPa
show northerly and northwesterly winds during 5–8 March
2013, consistent with the primary trajectories to Hangzhou
at a height of 2 km. The second day, 6 March, shows the low-
est wind speed, coinciding with minimal horizontal transport
during that day, as can be seen in the time–height cross sec-
tion of the MPL extinction coefficient (Fig. 4b). The wind
speed over the next two days increases, as does the trans-

port. On the last day, the wind direction turns southwesterly
at 750 hPa, which may bring the clean air from the sea to
Hangzhou. The wind direction on 9 March is consistent with
the existence of cluster 3, which carries little PM10 mass and
only accounts for 10 % among the trajectories.

In spring, the long-range transport of dust aerosols from
desert regions not only has an impact on northwestern cities
such as Xi’an (Wang et al., 2006b), or cities in the north of
eastern China such as Beijing, Xianghe, and Shenyang (Xin
et al., 2010; Zhang et al., 1998), but also on cities in the YRD
region such as Nanjing, Shanghai (Zhang et al., 2016), and
Hangzhou. When transported dust particles dominate in the
ambient atmosphere over the YRD region, the aerosol optical
properties show a relatively high level of absorptive features,
much stronger than in aerosols transported from the north.
These particles mostly come from moving air masses loaded
with dust particles from desert regions located in northwest-
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Figure 10. Daily averaged variation in aerosol optical properties and the PBLH in Hangzhou during 5–9 March 2013.

ern China. During the days dust transport enhanced, absorp-
tive dust particles increase AOD and AAOD over Hangzhou
and heat the atmosphere to facilitate turbulence, leading the
PBL to rise in the same day, which will accelerate the diffu-
sion in the following days.

3.4.3 Pollutants transported from biomass-burning
areas

Since the lowest values of SSA occur in August, the aerosol
particles over Hangzhou exhibit strong absorption charac-
teristics in that month. Figure 4c illustrates the time–height
cross section of extinction coefficient retrieved from the MPL
during the transportation of biomass-burning emissions to
Hangzhou, and it shows little contribution from local emis-
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Figure 11. Profiles of the aerosol extinction coefficient from MPL-retrieved data averaged for daytime and nighttime during 6–13 August
2013 in Hangzhou.

sions. In the first four days, the external aerosols are con-
centrated at 1.5 to 2 km and the peak extinctions are less
than 0.2 km−1, even during the daytime (Fig. 11). In the
meantime, the PBLH varies from 2.45 to 2.93 km, above the
transported aerosol layer. Over 10–11 August, the external
fine particles are noticeably enhanced, with the PBLH de-
creasing to 2.30 km. Consequently, the layer develops down-
wards, to a height of around 1 km, which may imply a ten-
dency towards sedimentation. Maximum extinctions exceed
0.2 km−1 and even reach 0.3 km−1 during the daytime on
11 August. The transport tends to die down and deposit over
12–13 August, with a higher PBL, thinner aerosol layer, and
lower coefficients (below 0.1 km−1). The whole process of
this transportation is not as strong as the northern transport
process. During 6–9 August, AOD values (retrieved from
the CE-318) are below 0.5. They increase to 0.75 when the
maximum extinction occurs over 11–12 August and decrease
when diffusion and sedimentation contribute. Combined with
other aerosol optical properties, fine-mode particles are re-
markably dominant during the whole process in terms of the

volume and size distribution (Fig. 12). However, the mass
concentration is far less than during the northern transported
pollution of 11–15 October 2015. In this case, the total vol-
umes are below 0.1 µm3 for most of the days, except for the
two enhanced transport days in which the total volume ex-
ceeds 0.12 µm3. The SSAs keep increasing until a peak value
of between 0.73 and 0.898 was reached at 440 nm before
the last two days, which suggests that the increase in ex-
ternal fine particles enhances the scattering ability. The val-
ues are similar to the SSAs observed from biomass-burning
emissions in the African savanna, Zambia, during 1995–2000
(Dubovik et al., 2002). The AAODs are almost above 0.09 at
440 nm during this period, which is higher than those seen
in the northern transported pollution. It is suggested that the
particles brought by these air masses are in the fine mode,
with strong absorption characteristics, which is indicative of
smoke aerosol.

To determine the pollution source, trajectories and pri-
mary clusters are depicted in Fig. 7c-1, with the backward-
trajectory start locations set to 1000, 1500, and 2000 m. Con-
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Figure 12. Daily averaged variation of aerosol optical properties and PBLHs in Hangzhou during 6–13 August 2013.

sidering the significant absorptive ability of aerosol parti-
cles transported over Hangzhou, we apply the fire hotspot
information (90 % confidence) from MODIS Collection 6
and VIIRS 375 m to analyze the possible source of this type
of particle. It is assumed that the external particles during
these days were created from biomass burning, which is
the major source of atmospheric light-absorbing organic car-
bon and black carbon aerosols, contributing around 42 %
of the global black carbon emissions (Bond et al., 2004,

2013; Cao et al., 2005). Combining the fire hotspots de-
tected by MODIS with the trajectory analysis, the majority
of trajectories (accounting for 69.79 %), which are associ-
ated with cluster 1, travel northeasterly to the YRD region,
passing over fire hotspots located in Guangdong, Fujian,
Jiangxi, and Zhejiang provinces, with a mean PM2.5 con-
centration of 54.52± 16.63 µgm−3. According to the study
of Chan (2017), not only do the biomass-burning emissions
have local impacts, but they can also be transported intercon-
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tinentally and influence the atmospheric system on a global
scale. The air masses associated with cluster 2 originate
from the sea to the southeast, only passing one spot lying
in southern Zhejiang with a mean PM2.5 concentration of
39.04± 10.14 µgm−3, bringing clean air from over the sea
to Hangzhou during 12–13 August (Fig. S5 in the Supple-
ment).

With reference to the WPSCF and WCWT results, the lo-
cations of the potential sources are almost consistent with the
regions where fire hotspots are detected or biomass burning
occurs, including the eastern part of Guangdong and Jiangxi
provinces, western Fujian, and most of Zhejiang. The occur-
rence of biomass burning in these areas has been studied pre-
viously (Wang and Zhang, 2008). With regard to the retrieval
results of the vertical feature mask and aerosol subtype from
CALIPSO on 5 August (Fig. 8c), the intensive aerosol layer
exists below 2 km along the CALIPSO path southwest of
Hangzhou. The aerosol types are mostly identified as being
in polluted continental or polluted dust categories over and
southwest of Hangzhou, which coincides with the backward
trajectories carrying pollutants from the fire hotspots during
6–13 August 2013. As has been noted, the retrieval results
from CALIPSO may misidentify the smoke aerosols as pol-
luted dust, but for the majority of days during this case satel-
lite retrieval data verify the results from CALIPSO.

The aerosol transported from the southern biomass-
burning areas to Hangzhou shows a capacity for strong light
absorption and is dominated by the fine mode. The exter-
nal aerosol layers observed in the vertical distribution of the
extinction coefficient appear around 1–2 km, with the maxi-
mum value at 0.3 km−1. The backward trajectory and poten-
tial source analysis determines the likely sources. Satellite
retrieval results (both MODIS and CALIPSO) verify that the
transported aerosol originates from biomass-burning regions,
and this is consistent with the aerosol optical properties re-
trieved from the CE-318 in Hangzhou. In addition, previous
studies have shown that aerosol absorption depends on the
mixing mechanism of soot with other aerosol components
(Ackerman and Toon, 1981; Martins et al., 1998; Jacobson,
2001), so the situation that occurs during 6–13 August 2013
is not unique to the YRD region.

3.4.4 Pollutants emitted from local emissions

While aerosols transported from the northern, southern, or
desert areas contribute much to the ambient atmospheric pol-
lution in the YRD region, a high concentration of aerosols
with diverse properties are also emitted locally (Chen et al.,
2012; Zhuang et al., 2015; Liu et al., 2015).

Figure 4d shows a series of successive local emissions in
the time–height cross section of the extinction coefficient
obtained by the MPL, during 27–29 December 2013. The
PBLH varies from 1.16 to 0.72 km during this period. It can
be seen that the aerosol is composed of two layers, distributed
below and above the PBL. An external aerosol layer can be

seen at 1–1.5 km, while the layer caused by local emissions
lies below 1 km, and even below 0.5 km, due to the stable
PBL that exists over cold surfaces, particularly in the win-
tertime (Medeiros et al., 2005). From the vertical profiles of
the extinction coefficient in Fig. 13, on 27 December 2013
the peak extinction of the local emissions layer is seen, at
around 0.1 and 0.15 km−1 in the nighttime and daytime, re-
spectively. The two separated layers mix downwards on the
second day, so that the profiles barely show the separation be-
tween them, and the maximum extinction coefficient reaches
0.2 km−1 below 0.5 km. On 29 December, an intensification
is seen both in aerosols transported at higher altitudes and in
those emitted locally, and the peak coefficient for the local
emissions layer is close to 0.4 km−1 during the daytime and
0.2 km−1 at night.

The AODs retrieved from CE-318 vary from 0.4 to 0.55,
according to the results presented in Fig. 14. The volume
size distribution during these three days shows a strong bi-
modal pattern, with the peak volumes at radii of 0.11 and
2.94 µm for fine and coarse modes, respectively. Coarse par-
ticles noticeably dominate on 27 December, with an SSA
of 0.89 at 440 nm – lower than the value at other wave-
lengths. Meanwhile, satellite retrieval results of vertical fea-
ture mask and aerosol subtype from CALIPSO (Fig. 8d) ver-
ify the dominance of the coarse mode on 27 December. The
L2 products confirm the existence of an aerosol layer below
2 km, and identify it as being a mixture of polluted dust and
polluted continental categories over the YRD region. Fur-
thermore, another layer identified as “dust” exists between
the heights of 3 and 5 km (beyond the detection range of
the MPL), composed of high-volume coarse-mode particles,
which may have an influence on the lower polluted dust layer.
Over the next two days, the volume of the two modes be-
come more balanced due to enhanced transport and emis-
sions, and the SSAs at 440 nm show an inverse relationship
to the values at other wavelengths. On 29 December, the low-
est value of SSA (440 nm), at 0.88, and the highest value of
AAOD (440 nm), at 0.073, is seen. The maximum SSA value
in this case is higher than the peak SSA observed when desert
transport occurs but lower than the peak value seen with the
strong biomass-burning transport. The aerosol optical prop-
erties of mixed fine- and coarse-mode particles are different
from when one mode dominates.

With reference to the spatial distribution of PM2.5 mass
concentration and the wind field at 10 m from the surface
(Fig. S5), the enhanced emissions seen in the extinction co-
incide with an increase in the in situ observed PM concentra-
tion during 28–29 December. The wind is low within the PBL
due to the weakening of atmospheric circulation in northern
China during winter (Tao et al., 2016). Consequently, the low
wind speed at the surface contributes to the accumulation of
aerosol particles, resulting in an increase in pollutant concen-
trations over these days.

Pollutants emitted locally stay below 0.5 km during 27–
29 December 2013 in the YRD region. Facilitated by the
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Figure 13. Profiles of aerosol extinction coefficient from MPL-retrieved data averaged for daytime and nighttime during 27–29 December
2013 in Hangzhou.

low wind speed at the surface and the downward transport
of external dust aerosols, aerosol optical properties show
weaker absorption than the strong biomass-burning aerosol
and weaker scattering than transported dust aerosols.

4 Conclusion

Based on long-term ground-based lidar and sun-photometer
observations, variations in monthly averaged aerosol prop-
erties and PBLHs during 2013–2015 in the YRD region are
presented and discussed. Combining satellite remote sensing
data from CALIPSO and MODIS, backward trajectories, and
PSCF and CWT analyses, four typical transportation mecha-
nisms are analyzed under enhanced haze pollution events in
the YRD region.

For the long-term monthly variation of aerosol optical
properties in the YRD region, it is found that fine and scatter-
ing particles dominate, except in March. The PM2.5 : PM10
ratio is high, AE440–870 nm is above 0.8, and SSA exceeds
0.85 during most months. Due to the low-altitude and sta-
ble PBL in the colder months (from September to February),
PM mass concentrations in January, November, and Decem-
ber are high. Conversely, the lower PM concentrations occur
during the warmer months (from March to August), partly
due to a higher PBL attributed to a stronger diurnal cycle,
but also due to higher precipitation in July and August. The
AOD is generally high, implying severe aerosol loading in
the YRD. As for the mixed type of aerosol in the YRD, the
volume size distributions show a bimodal logarithmic normal
structure, except in June and September, when it appears tri-
modal due to hygroscopic growth. The highest SSA is also
seen during these months.

During northern aerosol transportation, particles from pol-
luted areas in North China are seen at a height of about

1–1.5 km, within the PBL, and they are dominated by the
fine mode, with AOD440 nm above 0.65 and SSA440 nm vary-
ing from 0.95 to 0.97. A rising SSA indicates an increase in
transported scattering particles, which decrease the radiation
to the surface and cool the surface. The weakening turbu-
lence and the declining PBL lowers the aerosol layer, and
pollutants accumulate at lower altitudes, thereby concentrat-
ing the scattering particles and forming a positive feedback
mechanism.

Although dust transport to the YRD is seasonal and in-
frequent, it does make a difference to the YRD’s aerosol
loading. Dust air masses around 2 km are transported from
the northwestern desert regions including the Gurbantünggüt
Desert, the Gobi Desert, and the Badain Jaran Desert, and
they diffuse vertically with the rising PBL. A significant in-
crease in the coarse mode at high altitudes brings about high
concentrations of PM10 and higher AAOD440 nm, illustrating
the stronger absorptive feature of transported dust compared
to the northern pollutants transported over the YRD region.
And the transported absorptive dust particles heat the atmo-
sphere, raising the PBL over the YRD region to accelerate
the diffusion in the PBL.

Biomass-burning pollutants also bring about a seasonal
contribution to the aerosol loadings over the YRD region. In
the case of biomass-burning transportation, backward trajec-
tories are consistent with the fire hotspots located in Guang-
dong, Fujian, Jiangxi, and Zhejiang provinces south of the
YRD, bringing absorptive fine particles to heights of about
1.5 km over that region. The SSAs on most days are lower
than 0.8 (except one day when the maximum SSA440 nm is
0.898), indicating that the biomass-burning pollutants trans-
ported from the southwest to the YRD can strengthen the
absorptive ability in the ambient atmosphere over the YRD.
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Figure 14. Daily averaged variation in aerosol optical properties and the PBLH in Hangzhou during 27–29 December 2013.

The accumulation of locally emitted pollutants is facili-
tated by the low wind speed at the surface (10 m). During
the locally emitted aerosol case, the local aerosol layer ap-
pears below 1 km, and the low surface wind provides no ex-
ternal transport. The mixture of locally emitted aerosols and
dust particles transported downwards shows weaker absorp-
tion than the biomass-burning products and weaker scattering
than the transported dust aerosols, with the SSA440 nm vary-
ing from 0.86 to 0.91.

The haze pollution events that occur in the YRD re-
gion are not only affected by local emissions but can also
be contributed to by regional transport, including pollu-
tants from North China, dust aerosols from the northwest-
ern deserts, and strong absorptive particles from southern
biomass-burning areas. Therefore, air quality control should
focus not only on local emissions reduction, but also on re-
gional emissions.
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