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Abstract.

A dataset of particle optical properties of the highly ptdldiatmosphere over the Pearl River Delta, Guangzhou, Cikina
presented in this paper. The data were derived from the maasats of a multi-wavelengths Raman and depolarizatitar li
PollyX” and a co-located AERONET sun photometer. The measurememtaign was conducted from November 2011 to
mid June 2012. These are the first Raman lidar measuremehis RRD that were lasting for several months.

A mean value of aerosol optical depth observed by the suropteter of 0.54 + 0.33 was observed in the polluted atmo-
sphere over this megacity for the whole measurement pefFioel lidar profiles frequently show lofted aerosol layersahhi
reach up to altitudes of 2 to 3 km and especially in spring@eap to even 5 km. These layers contain between 12 and 56% of
the total AOD, with the highest values in spring. The aerasthese lofted layers were classified by their optical proes.
The observed lidar ratio values are in the range from 30 tor&Gite a mean value of 48.0 sr = 10.7 sr. The linear particle
depolarization ratio at 532 nm lied mostly below 5% with a mealue of 3.6+ 3.7. The majority of the Angstrém exponents
were observed between 1 and 1.5 indicating a coarse modédlitioado the fine mode in the particle size distribution.

These results reveal that mainly urban pollution partiohkesed with particles arisen from biomass and industriahing
are present in the atmosphere above the Pearl River Deffeciory analyses show that these pollution mixtures aneialy
from local and regional sources.

1 Introduction

The Pearl River Delta (PRD) in the South-East of China is drithelargest urbanized areas in the world. High population
density and a very strong economy leads to an almost perrhaigin aerosol load in the whole area around the city of
Guangzhou in the PRD. The consequences for the geograpkeizibpment, people’s health, and atmospheric pollutierew
studied in the frame of the German project “Megacities — Mbgi#lenges”. The atmosphere over the PRD is influenced by
high urban and industrial activity but is also affected bg ticinity of the sea. Hence the predominant atmospheritgbes
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expected to be found in this area are a mixture of differemisa@ types like urban haze, burning products from traffid an
industry, and also sea-salt particles.

The visibility in Guangzhou has significantly decreasedrdythe last four decades. Since 1972 the number of days ewith |
visibility has increased from a few days per years to aboQt1%0 days per year from 1980 to 2006 (Deng et al., 2008). The
authors could relate the low visibility to the increasingtjzde concentration observed by in-situ particle measumets during
a case study in November 2005, where both high and low \iisildpisodes occurred. They found that 70% of the visibility
is reduced by small scattering particles, and 20% by absgnparticles. A comprehensive overview over the air palutat
ground level since 1990 in megacities in China is given inrCérad Yao (2008). They found that particles arisen from traffi
industry, wood and coal burning are the major pollutantstrabthe time in the PRD, and can causes high pollution epsode
and low visibility. This type of in-situ studies have revedlvaluable information about the particle types and comagon
measured at ground level that contribute to the severe aditions in the PRD and other magacities. But how is the ealti
distribution of these particles?

Only a limited number of vertically resolved aerosol obs¢ions are available over South-East China until the béginn
of this century. The Asian dust lidar network was estabtisirethe late 1990 (Murayama et al., 2001) with lidar stations
mainly in Japan and only occasionally in China. For examalshort-term study was conducted in July 2006 during the
PRD2006 campaign (Sugimoto et al., 2009). Here, a two-weaxggh, backscatter and polarization lidar from the Nationa
Institute for Environmental Studies (NIES) in Japan wadu3&o typhoon-driven flow episodes of northern air, periotls
accumulation of air pollution within the PRD area, and thrases of lofted layers above the PBL were observed. Thisvida
staying in Guangzhou until March 2009 and was measuring en@zhou for a long-term study on seasonal aerosol vargtion
(Haraetal., 2011).

First Raman lidar measurements in the PRD were carried olR®POS during a one-month intensive field campaign in
Xinken in October 2004 (Tesche et al., 2007). The lidar usasl the prototype of the mobile Raman lidar Polly with just one
wavelength and two detection channels. High levels of a¢losad and the presence of lofted aerosol layers was olerve
during the entire period (Ansmann et al., 2005).

In November and December 2009, as part of the Megacitieggiraj first short field campaign took place in Zhongshan
in the southern part of the PRD. During this campaign a Raraan bf the Anhui Institute of Optics and Fine Mechanics,
Hefei, China and a sun photometer from TROPOS were depldgecontrast the different aerosol conditions, two significa
events of moderate and hazy pollution were characterizddtail by Chen at al. (2014). To investigate the aerosol itiomd
of this highly polluted area over a longer time period andttalg the inter-seasonal differences, long-term obseymatin the
PRD were realised in the frame of the Megacities project.d@mpaign was performed from Autumn 2011until summer 2012
in Guangzhou. The multi-wavelength Raman lidar Pdlfy(Althausen et al., 2009) with depolarization capabilitiess used
for the characterization of the aerosol types over the PRie.dbtained results are presented in this paper. To our leigwe|
this is the first time that continuous Raman lidar observatioave been performed in the PRD for more than half a yeas. Thi
provides a unique data set of the vertical aerosol disinhuncluding the characterization of the optical propesiin this area.
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In the next section the campaign details are given, theunsntal set-up is described, and the climatic conditioes ar
outlined. In section 3 a seasonal overview over the lidaramdphotometer measurements results are given and a cdge stu
of particularly high aerosol contend in the vertical profdepresented. In section 4 the layered structure of the aki®s
analyzed, the aerosol is classified by lidar optical praggrand the origin of the observed aerosol is examined Ipctay

cluster analysis. A statistical analysis of the measurdidaproperties is presented as well, and finally, a congius given.

2 Experiment
2.1 Field site

The measurements for the vertically-resolved aerosolacharization were taken by a multi-wavelength Raman lidayme
PollyXT (Althausen et al., 2009; Engelmann at al., 2016) of TROPQS$aadual-polar sun photometer of type CE-318dp
(Cimel) from AERONET (Holben et al., 1998). Both instrumemiere deployed on the roof-top of a laboratory building on
the East-Campus of the Sun Yat-sen University of Guangz28t0é4'08"N, 113°22'52"E, 23.5 m above sea level), where the
meteorological education at the University takes place.[idar was deployed on a roof terrace on the last floor of tlidibg

with easy access from the adjacent laboratories. The sutomleter was deployed on the flat roof-top of the building with

a 360° panoramic sight undisturbed by obstacles. The sutopleber measurements started in the end of October 2011 and
lasted until the beginning of July 2012. The lidar was rugnim a continuous 24/7 measuring mode from the beginning of
November 2011 until mid June 2012 - only interrupted by radrigas. In the case of rain, a rain sensor is detecting thiadal

rain drops and the system is closing down the measurementsditely.

The optical properties measured by the lidar are the partiatkscatter coefficient at 355 nm, 532 nm, and 1064 nm, the
particle extinction coefficient at 355 nm and 532 nm, and thealr depolarization ratio at 532 nm. For the determinatibn
the particle backscatter coefficient and particle extorctioefficient the Raman method (Ansmann et al., 1992) walgedpp
The linear total or volume depolarization ratio is incluglimolecular depolarisation effects. The linear particlpadarization
ratio was calculated using the 90° calibration method dlesdiin detail by Freudenthaler et al. (2009). Further aetioptical
properties are the extinction-to-backscatter-coefficiatio, also called lidar ratio, the linear particle depiation ratio, the
aerosol optical depth (AOD), and the respective backgcaitiet extinction related Angstrém exponents.

These properties are used to identify the type of aerosbiisobserved. While the particle backscatter coefficiatitaies
the present amount of particles, depending on their sgagtabilities, the particle extinction coefficient alsoatls to the
absorption abilities of the particles. The lidar ratio, théo between these coefficients, is dependent of the fatiipe, not
on the amount. Also the particle depolarisation ratio isdgpfor the particle type and helps distinguishing betwsgherical
and non-spherical particles. The Angstrém exponents ithestiie wavelength dependence of the respective backseatie
extinction coefficients and are dependent on the size ligioin of the particles.

The lidar data were analysed as follows: The data were \iscialud screened using the automatically produced quock-|
images on the PollyNET-webpage: www.polly.tropos.de.Tlkese data were evaluated manually in intervals of 2 hto 3 h
to obtain comparable profiles for a statistical analysisn@bover-represent long lasting cloud free periods and amgéd
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aerosol conditions on the same day, the number of consigeogites per day for such periods was reduced to a maximum of
4,

The lidar data presented here are without any overlap d@mrecThe overlap function could not be calculated due to
permanently high aerosol load in the atmosphere over the. PRWever, to be able to calculate the AOD from the lidar
profiles, the Raman backscatter profiles were fitted to thedRagrtinction profiles in the lower part of the profile. Theme t
lowermost extinction value at about 150 m height was exiedpd to the ground-level.

The sun photometer measures the direct and indirect Suati@uiat nine wavelengths from 340 nm to 1640 nm every
15 min when the Sun is visible. In addition, with this dualgzganstrument, the radiances at three different depaécn
directions are measured by means of a second filter wheet €Li €2009). However, the data used in this study are derived
solely from direct Sun measurements. The products usedar@®@D and the Angstrém coefficients derived by AERONET
available from the AERONET-webpage: aeronet.gsfc.nasa.g

2.2 Atmospheric conditions

The atmospheric conditions of the PRD are controlled by arsplzal climate characterized by warm winters and hot and
humid summers. The monthly mean temperatures are colddsinimary: 13.9° C and warmest in July: 28.8°C. The annual
mean temperature is 22.4 °C. The weather is influenced by #ienAnonsoon circulation. The main wind direction turns
with the dislocation of the Inter Tropical Convergence Z¢eCZ) from north and north-easterly winds during the winte
months to southerly winds during the summer months. Duedattong solar irradiance in summer a through is formed above
the continent and warm and moist air masses are transpodextfie South China Sea onto the continent. The mean annual
precipitation is 1720 mm. In the rainy season, which isifestiom April to September, monthly mean precipitation satenge
from 100 mm to 300 mm per month. During wintertime the soledrance is low and cools down the continent. This results
in a continental anticyclone that transports dry air maseaghward. During the winter month, the monthly mean piitatipn

lies between 30 mm and 90 mm (China Meteorological Admiat&in , 2012).

The rainfall pattern during the winter and spring seasorlZ812 was different. After initially strong rainfall in Nember
2011 dry weather prevailed, so that no precipitation wasteged in December 2011. From January 2012 to mid March 2012
there were numerous days with precipitation resulting i& &0n in January, 74 mm in February and 66 mm in March 2012,
(National Climatic Data Center , 2012). This was caused bgsa pronounced continental high pressure so that not dry air
masses from the continent but moist air masses arriving fl@sea were dominant. The increased precipitation acfivit
South-East Asia in 2012 is also attributed to the strong "ifeaNevent in 2010-2012 (e.g., Boening, 2012). In April 2@42
monsoon season started in Guangzhou with more than 1000 swipipation until June 2012. The climatological mean value
for April to June is around 700 mm.
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3 Temporal and vertical aerosol distribution

In this section we present several aspects of the aeroseha®ns: First, an overview of the temporal developmérihe
aerosol distribution over the entire measurement perigivisn by the AOD measured by lidar and sun photometer. A case
study of the highly polluted atmosphere using the lidar pEsfshows the typical aerosol distribution with lofted aeidayers
that contain a considerable amount of the total aerosahllyjiseasonal mean profiles are calculated from all paréxtinction

profiles to identify seasonal patters in the vertical adrdstribution.
3.1 Total AOD

An overview over the aerosol conditions during the entirsestation period is given by the derived AOD values. Fig.dvsh

the AERONET (Holben et al., 1998) level 2 AOD values at 500 neasured by the sun photometer and the AOD values
derived from Polly*” Raman extinction profiles at 532 nm. The combination of threghotometer working only at daytime
and the Raman capabilities for lidar available during rigyine offers the unique possibility to obtain a continudnset series

of AOD whenever atmospheric conditions allow for it. Therapblation procedure to calculate the AOD from the lidafifgs
seem to underestimate the amount of aerosol close to thadsiuce it leads to slightly lower AOD values from the lidlaan

the ones measured by the sun photometer. On the other hasdrtiphiotometer AOD measurements by may be influenced by
more humidity during daytime.

During November and December 2011, sun photometer AOD saue available on 17 and 22 days, respectively. After
this period a lot of rain and cloudy weather was present owsng@zhou. As a consequence, for 2012, level 2 sun photometer
AOD are only available on 28 days in total. However, thesa dtll provide an overview over the development of the aaros
content throughout the observation period. In the begmoirthe observations, in November and December 2011, moBt AO
values range between 0.2 and 0.6 with some peak AOD periathshigh values up to 1.4. The monthly mean AOD in
November was moderate with values of AOD=0.45 measuredéguh photometer and AOD = 0.49 measured by the Lidar.
In December these values were AOD=0.49 / 0.39 (sun photorhkdar). In January (AOD=0.57 / 0.24) and February 2012
(AOD=0.93/0.67) only a few observations were availableaizalate the mean values, which were higher than in November
and December. Unusual heavy rainfall was observed whicimsée be triggered by the strong La Nifia event during that
winter. In March 2012, a period with very high AOD values stdrto evolve. The monthly mean AOD of 1.16 / 0.84 was the
highest value reached during this field campaign. This isgdtde, since no more precipitation was observed that aeumbve
the particles from the atmosphere.

The maximum AOD of 1.95 was measured by the sun photometeraynhV8, 2012, which is a very high value compared
to the rest of the time series. This high AOD may be the reduiygroscopic growth at the top of the boundary layer, which
was observed by the lidar at the time of this measurement andmut be identified by the sun photometer. Towards the
summer season with the onset of the monsoon, the mean AOBPadesto 0.82 / 0.60 in April and 0.49 / 0.34 in May. In the
beginning of June the mean AOD value was 0.32 / 0.36. For th@endbservation period, the mean photometer AOD value
at 500 nm was 0.54 + 0.33 and the lidar AOD value at 532 nm wag £@.32. This is a little higher than the mean AOD
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derived from the only other long term lidar observations ue@gzhou. Hara et al. (2011) measured an annual mean AOD of
0.41 at 532 nm and observed seasonal AOD variation with peaingtime and autumn. These mean AOD values indicate
a generally high mean background level of aerosol in the spimere above the PRD. For comparison, in Leipzig, Germany,
a continental Central European site, the yearly mean AODsored by sun photometer during recent years lies betweén 0.1
and 0.19 at 500 nm.

3.2 Case study

Fig. 2 shows the temporal evolution of the attenuated battesccoefficient (calibrated range-corrected signalpélnm for

a five day period from March 23 to 29, 2012 in the upper panet.ddiors range from low backscatter signal in blue and to high
backscatter signal in red. White colors that can be seen oaftthe aerosol layers indicate mostly clouds. The blue velti
stripes occur if no signal is measured at all, as for examyleg a precipitation event on Mach 23 starting around 1&0C.
Several precipitation periods follow until about 10:00 Uth@ next day. This plot shows the evolution of the aerosa@igyhat
persist over these days. The planetary boundary layer (RBdgveloping every day starting around 00:00 UTC (08:00 LT)
and is reaching up to heights of about 2 km - 2.5 km at its maximAbove the PBL, another aerosol layer is visible, which is
reaching from 2 km to 5.5 km in the beginning of the period ané km during the following two days. The large heights of
the lofted layers, as observed in this case, were mostiyeghbio spring. In the lower panel of Fig. 2 the volume depektion
ratio at 532 nm is shown. Green and yellow colors show corsiile volume depolarisation ratios. A narrow layer of eleda
depolarisation ratio is visible just above 2 km height. Taiger corresponds to the lower boundary of the observeeddétyer.
These are most probably large, non-spherical particlesiwdgdiment out from this layer.

Lidar profiles of the derived optical properties for March 2612 from 18:00 to 20:30 UTC are presented in Fig. 3. The
profiles of the particle backscatter coefficient, the phatextinction coefficient, and the resulting lidar ratioe thackscatter
related Angstrém exponent, and the linear particle dejzmaition ratio are shown. Local time of this measurement i 902
04:30 h. The nocturnal PBL shows a two layer structure wigiinar particle backscatter and extinction coefficientswdldm
towards the ground and lower values between 1 and 2 km hé&ighrh 2 to 5 km height the pronounced lofted aerosol layer is
visible with high values of the particle extinction coeféint of up to 300 Mm! at 532 nm. The mean lidar ratio of the lofted
layer is 45.8 st 7.5 sr at 355 nm and 51.7 4r8.3 sr at 532 nm. The Angstrém exponent shows values aroBrtirbughout
the whole profile. The particle depolarization ratio is ab®@b6 below 2 km height and increases to 15 % below the lofted
aerosol layer before it decreases to less than 5 % insidefteel layer.

Fig. 4 shows HYSPLIT 48 h backward trajectories calculatdfrival heights of 500 m, 2200 m, and 3000 m. The heights
represent the observed layer structure, where 500 m isitisedlower PBL, 2200 m is the lower part of the lofted layergveh
the depolarisation ratio is elevated, and 3000 m is at thémrmanx of the particle backscatter and extinction coefficiaities
inside the lofted layer.

All trajectories remained quite close to the measureméafai the last 48 h. The trajectory at 500 m was coming from the
South Chinese Sea bringing some air with lower pollutiorl&vThe trajectory arriving at 2200 m height stayed closeste
measurement site. It came from the north and circled ab@/mtasurement site at the same height for one day. The twject
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arriving at 3000 m is representing the lofted layer. It wasg from ground level just the day before and came from laodl
regional sources north-west of the measurement site.

This observed structure of particle layers frequently oemiabove the measurements site: A PBL with a depth of 1.5 to
about 2 km and a decoupled, lofted aerosol layer above. Tteglltayers in this case study had a depth of 2.5 to 3 km, which
was the highest depth observed. Typically these loftedr&alyad a depth between of 1 km and 2 km. The top boundaries of
the lofted layers lied between 1.5 km and 5.5 km, as in thisngst@. The optical properties of these lofted aerosol layeits
be discussed in more detail in section 4.

3.3 Mean profiles

An overview over all evaluated lidar profiles of the partieldinction coefficient at 532 nm are plotted in Fig. 5. In to€9
single profiles (plotted in grey) were considered for thialgsis. To identify seasonal variations in the profile shémar mean
profiles over two month each were calculated and are plottédld, colored lines. Note that the scale of the x-axis isigis h
as 1000 Mn1! in this plot.

The mean November-December profile was calculated fromrigfiesprofiles. It shows a smooth decrease of the particle ex-
tinction coefficient with height and reached zero valuedatia4 km. The highest value in the boundary layer was 275 ¥Mm
at 300 m which is the lowermost height of the profiles.

The mean January-February profile is resulting from 11 sipgbfiles only, which is due to the unusual rainy season that
winter. The mean profile shows two minima at 1.5 and 2 km heayid a weak mean lofted layer between 2 and 4 km. Further
inspection of the single profiles show, that three casespvithounced lofted layers in the end of February are incluced.
Also the mean January-February profile reached zero vatusgmat 4 km height. The largest PBL value of the mean particle
extinction coefficient was as high as 500 M which is the highest seasonal mean value.

The mean March-April profile calculated from 20 single pesiis the most outstanding. The decrease in the PBL is less
pronounced and a clear lofted layer is present between 2 &n&md height with particle extinction coefficients of up to
170 Mm~! at at 2.9 km height. This is more than four times of the valweegHe three other mean profiles. In total the mean
March-April profile reached zero values at 5.5 km, the lardgger top height out of the four seasonal mean profiles. The
largest mean particle extinction coefficient value in the.R&s 330 Mnt !,

The mean May-June profile was calculated from 33 single poéihd shows increased particle extinction coefficientegalu
between 1 and 2.5 km height. Here, the lofted layers wereddcat lower altitudes than in the mean spring profile. Thewarho
of aerosol was less as well. The maximum value of the meait|gagitinction coefficient in the PBL was 310 Mrh.

In total, the mean particle extinction coefficient profilasw that particles are present in lofted layers that readb bpights
of around 5 km. During spring these lofted layers even redcipeto a mean value of 5.5 km. In the following discussion the

focus is laid on these lofted layers to identify the aerogpés they contain.
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4 Lofted aerosol layers

The top heights of the lofted aerosol layers range from a f&ses of low top heights of 1.5 km up to heights of 5 km (Fig. 6).
The highest frequency of occurrences was observed from ®Iakin, and a second smaller peak at 4 km and 4.5 km. During
the winter season (Nov 2011 - mid Feb 2012), mostly the lonhights of the lofted layers below 2.5 km were observed and
only a few cases with higher top heights occurred. The highe®sol layer tops were observed during the spring seasah (
of February, March and April). In total, 21 cases of loftegdes with top heights of 3.5 km and higher occurred. Durirg th
summer months May and June the top heights were always be@&dm and 3 km height. In total, a variability of the top
heights of lofted layers from 1.5 to 5 km was observed, withagomity of 79 cases between 2 and 3 km.

The depths of the observed lofted layers range from a fewsoagth less than 0.5 km up to cases of 3 km depths. The
maximum frequency of occurrence with 74 cases lied betwegmd 1.5 km, and in 23 cases the depth of the lofted layer

was between 1.5 and 3 km.
4.1 Lofted layer AOD

The lidar profiles of the case study shown in Fig. 3 is an examyith very high aerosol content. The AOD on this day was
among the highest values during the entire observatioogeti04 at 355 nm and 0.60 at 532 nm. The AOD inside the lofted
layer was 0.76 at 355 nm and 0.47 at 532 nm. The AOD-ratio, vsithe ratio of the AOD inside the lofted layer to the total
AOD, is 73% at 355 nm and 78% at 532 nm in this case. This isypdut to the low AOD inside the lower layers on this day,
since the PBL is rather clean at this time of the night. Bub &% days before, on March 24 and 25 (see Fig. 2), when the PBL
was not so clean, the AOD-ratio for the lofted layers was &B68o.

The mean AOD for the lofted layers for each month and someosehgeriods are presented in Table 1. The mean AOD-
ratio for the lofted layer in March was the highest with 56%s@®April and June show high AOD-ratios with 48% and 44%,
respectively, while the AOD-ratio for May is only 26%. Dugirthe winter months November, December, and January, the
AOD-ratio was between 12% and 18% while in February it wa$h1\2i2% already a bit higher. This is also due to three
observations with higher aerosol content in the lofted laye the end of the month. When counting these profiles ratirer f
the spring period, the winter mean AOD-ratio was 15% and pinemg mean AOD-ratio value was 48%. For the two summer
months, the mean AOD-ratio was 34%. For the whole observaioiod, the mean AOD-ratio for the lofted layers was 32%.

Thus, a significant part of the aerosol over the PRD is presehtgh altitudes - especially during spring and summer.
Obviously the aerosol can remain in these upper layers fmestays, before it may be washed out by rain or is diluted by
transport processes.

4.2 Aerosol classification

The lidar optical properties used to characterize the aktgpe of the observed particles are the the lidar ratio,lithear
particle depolarization ratio, and the Angstrém exponentsig. 7, the mean values of the lidar ratio at 532 nm is plbtt
versus the linear particle depolarization ratio at 532 nnafa the backscatter-related Angstrém exponent at 355 32 hi
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(b) for all observed lofted layers. For each data point tarlimeasurements were lasting over at least 2 hours. Eacthmon
has been coded by a color for easier identification. Fig. Bliays that most data points range between lidar ratios of 30 s
and 80 sr, while the linear depolarization ratio lies maiogfow 10 %, and for the majority of cases even below 5 %. This
means that most of the time spherical particles were obdefepolarisation ratios below 5 % and high lidar ratios up to
80 sr indicate freshly produced smoke and pollution arisiggt likely from local sources. This is true for the obseisa
during winter and also for May and June. In March and April de@olarisation ratio lies more often between 5 % and 10 %
and the corresponding lidar ratios are between 40 sr and 8biase properties fit to more aged particles and may be & resul
of the longer residence time of the particles inside theetbtayers during this time of year. They may also indicateesa

of dust (e.g. agricultural dust, road dust, or dust from taemburning fires injected into the atmosphere) or othee)argn-
spherical particles (e.g. dried marine particles) as olegskin the case study. Only a few cases of high linear depalion
ratios >10 % were observed. The highest values of more th&h &@re measured on December 2 and 3, 2011 during the only
dust advection event that took place during the measurepeeiod. This event, where the dust did arrive from the demeds
north of China, was discussed in detail in Heese et al. (2012)

Further classification can be done by using the size depémaemmation given through the Angstrém exponents. In
Fig. 7 (b) the backscatter related Angstrém exponent for @832 nm is shown exemplified. The two other Angstrém
exponents show a comparable behaviour. It can be seen thatdfority of Angstrém exponents lies between 1 and 1.5 at
lidar ratios between 40 and 60 sr. These properties indgaatécles from urban pollution of small and medium size I&®a@n
mixed with larger particles can be identified by lidar ratsund 50 sr and Angstrém exponents down to 0.5. Lidar ratios
below 40 sr indicate that marine particles may be mixed vhighgollution particles. Pure marine particles are largenaould
have a lower Angstrém exponent of 0.1 to 0.3 (Miiller et alQ0Another group of observed high Angstrém exponents from
1.3 to 2 with lidar ratios from 60 to 80 sr and low depolarigatratios are identified as more absorbing and smaller bgirnin
products that contain soot particles.

These results are consistent with finding from former swidiesche et al. (2007) measured high levels of aerosoltjpilu
over the PRD in October 2006 with lidar ratios between 40 a@ndrsand mean value of 4¥ 6 sr. (Ansmann et al., 2005)
concluded that these lidar ratios are consistent with teeerce of large, absorbing particles.

Baars et al. (2016) have evaluated the derived optical ptiepdor all available PollyNET measurements performethwi
several Polly instruments at different sites worldwideill2@14 (for more details see also www.polly.tropos.depriitheir
study they found linear depolarisation ratios at 355 nm &#irém below 5% and corresponding lidar ratios between 30dr an
80 sr for urban particles and burning products.

Grol3 et al. (2015) report a mean linear depolarisation b+ 1 % and a mean lidar ratio 56 6 % for anthropogenic
pollution in their aerosol classification scheme at 532 nnivdd from several field campaigns.

A summary of lidar optical properties at 355 nm that will bedigor the particle classification scheme for the upcoming
EarthCARE satellite are presented in lllingworth et al. 20 They also report linear depolarisation ratios for senpkimes
and anthropogenic pollution below 5 % and lidar ratios frddrsBto 80 sr and from 45 sr to 65 sr, respectively.
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A study by Cattrall et al. (2005) is using AERONET sites fora®l classification and found that particle optical projesr
over South-East Asia are distinct from those over otherniibdustrial centers, owing to a greater number of largéigias
relative to fine particles.

In summary, we can conclude that particles of urban poltuginsing from traffic, combustion of fuel, industrial andhet
burning processes are dominant over the PRD. Dust adveatilgnplays a minor role, which was already observed by the
Asian dust lidar network (e.g. Nishizawa et al. (2010)).

4.3 Origin of the aerosol layers - trajectory analysis

A backward trajectory analysis was performed using the HYSPnodel (Stein et al., 2015) to determine the origin and the
sources of the observed aerosol layers. Backward trajestasere calculated for 144 h for the periods of all evaluditbat
profiles. In most cases three arrival-heights were suffid@icover the vertical aerosol structure, but in a few casesghich

the aerosol extend up to very high altitudes, up to 5 artieadthts were necessary. Arrival heights were set to the lmifchn
existing aerosol layer. From this analysis, a total numtbdil8 backward trajectories was obtained and a cluster sisalyas
performed to identify the main regions of the particle sesrd=or the cluster analysis all backward trajectories wafided

into arrival heights below and above 1200 m to separate thedP the lofted aerosol layers. Additionally, the loftegides
observed at very high altitudes above 3500 m were analygetately since they show a seasonal dependence and occurred
mainly in spring. In the following the results for these #fayer categories are presented.

Lower layers - PBL

For this category the lowermost layers with a top heightmgarup to a maximum of 1200 m were considered. This covers
mainly the PBL and only a few cases of very low lofted layers/rha included. The number of clusters that were calcu-
lated was 5 (Fig. 8 a). Most of the trajectories arriving asth layers came from local and regional sources. 37 % of these
local/regional trajectories came from north-easterlhediions (cluster 1), 29 % from south-westerly directionsgier 2), and

15 % came from westerly directions (cluster 3). Only aboufth 6f all trajectories come from regions further away: 10 %
of the trajectories come from westerly directions (clugfgreaching back to the Arabian and Saharan deserts and 3K of
trajectories (cluster 5) come from north-westerly direasi, originating from the areas north of China. This is altegbat

was expected for the lower altitudes above the PRD. Most agses are of local origin, either from the mainland or froe th
close sea.

Lofted layers

The air masses arriving at the layers above 1200 m mainly éammmethe westerly and north-westerly directions (Fig. 848 %
of the air masses come from north-westerly regions (clitand 31 % came from closer sources from the West (cluster 3).
Only 7 % of the trajectories indicate a possible source frarther arriving from westerly directions (cluster 5) andydh %
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of the trajectories arrive from far sources from North-wesister 4). Also for this category we can conclude that tlagomity
of the aerosol burden originated from local sources thatlase to or inside the PRD region.

Highest layers

A separate cluster analysis was performed for the highestrobd layers above 3500 m. Here, only three clusters were
calculated. However, the behaviour of these trajectosiesimparable to lofted layer trajectories. 35 % of the ttajges came
from westerly directions (cluster 3), 28 % of the trajeasrcame from slightly more north-westerly directions (&u),
and, again, 37 % of the trajectories came from local regichss{er 1, Fig. 8 ¢). Thus, no significant difference conoegn
the origin was found for the particle layers observed up ty Ygh altitudes in March and April 2012 compared to the lowe
lofted layers.

In summary we can conclude that only a very low percentageraisal is transported to the PRD from sources further away.
About one third of all trajectories show air mass transpantrf close by, even if they were calculate for 6 days.

4.4 Statistics of lofted layer optical properties

In order to give a comprehensive overview over the typiceds@ conditions in the PRD, a statistical analysis of thasueed
optical properties of the observed lofted aerosol layegivisn in the following. Statistical results are of importarif the data
shall be used for further analyses, for example for modgHitudies. In Fig. 9, the mean and median values and the sthnda
deviations were calculated for the following propertiesieTidar ratios at 355 nm (a) and 532 nm (b), the linear particl
depolarisation ratio at 532 nm and the Angstrém exponetdsecbto the extinction coefficient between 355 nm and 532 nm
(d), the particle backscatter coefficient between 355 nm5&2dnm (e), and particle backscatter coefficient betweemb32
and 1064 nm (f).

The statistics of the lidar ratios show a wide range of vafues 30 to 80 sr for both wavelengths (Fig. 9 (a) and (b)).
Most of the lidar ratios lie between 30 and 60 sr, with a pedidevaf 50-55 sr at 355 nm and 40-50 sr at 532 nm. The mean
lidar ratio at 355 nm is 50.7 and slightly higher than the miggar ratio at 532 nm of 48.1 sr . These values confirm the rare
and very short former measurements done by lidar in the PBDneFrom the first Megacity campaign in November 2009
(Chen at al., 2014) only lidar ratios at 355 nm were measurkdy were 64 + 10 sr for a hazy period and 56 + 9 sr for a
moderate polluted period. Lidar ratios at 532 nm were meakitr Xinken (PRD) in October 2004, and the mean value of the
lidar ratio was 46.7 + 5.6 sr (Ansmann et al., 2005; Tesché ¢2807).

As already seen in the aerosol classification (Fig. 9 (c§ stiatistics of linear particle depolarisation ratio at B&2show
that for the majority of 89 cases the depolarisation ratis Wwalow 5 % and only 11 cases lie between 5 and 10 %. In only
6 cases the depolarisation ratio was higher than 10 %. ThiBamthat mostly spherical particles were present andrtbat
spherical particles are seldom mixed into the aerosol. Té@mwvalue for the linear depolarisation ratio is 3.6:98.7 %.

The histogram of the Angstréom exponent related to the partitinction coefficient at 355 nm to 532 nm (Fig. 9 (d)) show
a few cases of low values below 1, a peak of 45 cases betweamd . D.5, and a smaller peak of 26 cases from 1.5 to 2. Even
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higher values up to 3.0 were observed in 14 cases. The meaa faalthe extinction related Angstrém exponent is 1448
0.49.

The Angstrém exponents related to the particle backsaaitficients at 355 nm /532 nm (Fig. 9 (€)) and 532 nm/ 1064 nm
(Fig. 9 (f)) show a comparable distribution. Most cases, Bd 49, respectively, are lying between 1. and 1.5 and 27 and 24
cases, respectively, between 1.5 and 2.0. Only two caseddiee 2.0. Below 1.0, however, the number of cases is sfightl
higher for the particle backscatter related Angstrém egpofor 532 nm / 1064 nm, and especially the number of casesvbel
0.5. is higher. The mean values for the backscatter relatgghom exponent are 1.28042 for 355 /532 nm and 1.1% 0.49
for 532 / 1064 nm. Only a few cases show Angstrém exponentsb@l5 that indicates larger particles in the coarse mode.
This is consistent with the few observed cases of lineaighardepolarisation ratios above 10 %. The derived mearigart
optical properties are summarized in Table 2.

5 Conclusions

For the first time, continuous multi-wavelengths Raman aoldrfzation lidar observations were performed over a ltarga
period in the highly polluted atmosphere of the Pearl Rivett&® Guangzhou, China. The measurements were taken from
November 2011 to mid June 1012. The observations show thaghaldad of aerosol is present not only in the planetary
boundary layer but also in lofted layers that reach up torséw@ometers height. The heights of these lofted layesash
seasonal dependence with heights below 2 km during wintay wery high layer top heights above 5 km in spring. The adroso
optical depth in the lofted layers make a significant parthef total AOD observed in the vertical profile. The total AOD is
rising from monthly mean winter values of 0.49 in Novembed 84 in March. The percentage of the AOD in the lofted layers
varies from 12 to 20 % in the winter months to 48 and 55 % in gprin

These results confirm a previous study by Wang et al. (2011b) iwrestigated seasonal variations of AOD over different
locations in China using the Chinese Sun Hazemeter Networknost parts of China, AODs are at a maximum in spring
or summer and at a minimum in autumn or winter. This was alseoted in Guangzhou and is consistent with the Asian
monsoon circulation in the region.

A classification of the observed aerosol in the lofted lagser the PRD by using the lidar optical properties shows post
low linear particle depolarization ratio and the wide ramde¢he lidar ratios. These properties indicate that mairdytiple
mixtures of urban pollution arising from traffic, combustiof fuel, industrial and other burning processes are ptésehese
layers. The particles are locally and regionally produced are only seldom mixed with transported particles fronther
away. During the summer monsoon season they may also be mittegarticles of marine origin from the close-by sea. Dust

mixtures into the pollution aerosol was only observed in care.

Acknowledgements. The measurements were conducted in the frame of the special priagyaon “Megacities-Megachallenge - Informal
Dynamics of Global Change” (SPP 1233) funded by the German Ré#sEaundation (DFG).
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Table 1. Monthly mean values of total AOD and AOD of identified lofted layers detifrem lidar extinction profiles.

Atmospheric
Chemistry
and Physics

Discussions

Period total AOD  Layer AOD-LL Percentage
November 2011 0.4% 0.29 0.06+ 0.05 12.2%
December 2011 0.3% 0.26 0.07+ 0.09 18.0%
January 2012 0.24 0.07 0.03+ 0.02 12.5%
February 2012 0.6% 0.46 0.15+ 0.11 22.4%
March 2012 0.84+ 0.27 0.47+ 0.19 55.9%
April 2012 0.60+ 0.41 0.29+ 0.29 48.3%
May 2012 0.34+ 0.26 0.09+ 0.12 26.5%
June 2012 0.36: 0.21 0.16+ 0.16 44.4%
November 2011 - February 2012  0.400.27 0.06+ 0.07 15.0%
February 2012 - April 2012 0.7£0.34 0.37£0.24 48.2%
May 2012 - June 2012 0.350.24 0.12+ 0.14 34.3%
November 2011 - June 2012 0.470.32 0.15+ 0.19 32.0%

Table 2. Summary of lidar mean optical properties for the lofted aerosol layeesnred over the PRD region.

property meant std
AOD-LL 532 nm 0.15+ 0.19
Lidar Ratio 355 nm (sr) 50.# 9.1
Lidar Ratio 532 nm (sr) 48.% 11.0
Ang EXT 355-532 nm 1.48 0.49
Ang BSC 355-532 nm 1.28 0.42
Ang BSC 532-1064 nm  1.1F 0.49
Depol Ratio (%) 3.6t 3.7
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Figure 1. AOD derived from Polly*” Raman extinction measurements at 532 nm and AERONET level 2 aepiszl depth derived from

sun photometer measurements at 500 nm.
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Figure 2. Attenuated backscatter coefficient at 1064 nm (upper) and volun@ateation ratio (lower) for the 5-day period from March 23
to March 28, 2012.
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Figure 3. Lidar optical property profiles of particle backscatter coefficient (Bp@rticle extinction coefficient (EXT), lidar ratio, Angstrém
exponent and linear particle depolarization ratio at 532 nm derived Roliy*” measurement on March 26, 2012 (local time is + 8 h,
02:00 to 04:30 LT)). The profiles are vertically smoothed over 15 raingekhich corresponds to 450 m. The dashed prolongation of the
particle extinction profiles towards the ground result from fitting the BSC t&E profile and extrapolation to the ground.
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Figure 4. Trajectory analysis for March 26, 2012, 48 h back in time, arrivingQdt & inside the boundary layer, at 2200 meter below the
lofted layer, and at 3000 m inside the lofted layer.
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Figure 5. All single and seasonal mean particle extinction profiles measured the ligahs at 532 nm during the entire observation period

from November 2011 to June 2012.
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Figure 6. Histogram of lofted layer heights and depths
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Figure 7. Aerosol classification using lidar ratio at 532 nm versus linear particleldgpation (left panel) and Angstrém exponent for the
particle backscatter coefficient for 532 nm / 1064 nm (right panel)dibed layers in the period from November 2011 to June 2012. The

colored circles indicate the identified particle mixtures and correspondéagunements.
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Figure 8. Trajectory cluster means for (a) PBL top heights up to 1200 m, (b) allddégers above 1200 m, and (c) lofted layers top height
above 3500 m. All trajectories were calculated 144 h back in time.
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Figure 9. Statistical analysis of the optical properties of the observed lofted ddagecs: (a) Lidar ratio at 355 nm, (b) Lidar ratio at 532 nm,
(c) linear particle depolarisation ratio at 532 nm, (d) Extinction Angstrépoeent, (e) Backscatter Angstréom exponent (355 nm / 532 nm),

() Backscatter Angstrom exponent (532 nm / 1064 nm). 25



