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Abstract.

A dataset of particle optical properties of the highly pt#iliatmosphere over the Pearl River Delta, Guangzhou, Cisina
presented in this paper. The data were derived from the measats of amulti-wavelengthanulti-wavelengthRaman and
depolarization lidar Poljy” and a co-located AERONET sun photometer. The measuremepiatgn was conducted from
November 2011 to mid June 2012. These are the first Ramanrfidasurements in the PRD that were lasting for several
months.

A mean value of aerosol optical depth of 0.340.33 was observed by the sun photometer at 500 nm in the @ollut
atmosphere over this megacity for the whole measuremeitddoerhe lidar profiles frequently show lofted aerosol layer
which reach up to altitudes of 2 to 3 km and especigdguringthe spring season up to 5 km. These layers contain between
12 and 56% of the total AOD, with the highest values in spriftge aerosol types in these lofted layarsreareclassified by
their optical properties. The observed lidar ratio valuesiathe range from 30 to 80 sr with a mean value of 488 40.7 sr
at 532 nm. The linear particle depolarization ratio at 532lieshlies mostly below 5% with a mean value of 3463.7%. The
majority of the Angstrm exponentsereebservedie between 0.5 and 1.5 indicating a mixtureasffine- and coarse-mode
aerosols.

These results reveal that mostly urban pollution partioiesed with particlesarisenproducedrom biomass and industrial
burning are present in the atmosphere above the Pearl Ral&. Drajectory analyses show that these pollution megarise

mainly from local and regional sources.

1 Introduction

The Pearl River Delta (PRD) in the South-East of China is dntbelargest 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 geograpleieelopment, peoples health, and atmospheric pollutioe we
studied in the frame of the German project Megacities Megkehges. The atmosphere over the PRD is influenced by



10

15

20

25

30

high urban and industrial activity but is also affected bg tcinity of the sea. Hence the predominant atmospheritces
expected to be found in this area are a mixture of differents types like urban haze, burning products from traffid an
industry, and also sea-salt particles.

The visibility in Guangzhou has significantly decreasedrdyihe last four decades. Since 1972 the number of days awith |
visibility has increased from a few days per years to aboQt 180 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 measets during
a case study in November 2005, where both high and low \isildpisodes occurred. They found that 70% of the visibility
is reduced by small scattering particles, and 20% by absgrparticles. A comprehensive overview over the air paluti
at ground level since 1990 in megacities in China is given limi€and Yao (2008). They found that particles arisen from
traffic, industry, wood and coal burning are the major palhts for most of the time in the PRD, and caausecausehigh
pollution episodes and low visibility. This type of in-situdies have revealed valuable information about theghattipes and
concentration measured at ground level that contributegsévere air conditions in the PRD and otimergacitiemegacities
But how is the vertical 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 establisinethe late19961990ies(?) with lidar stations mainly in Japan
and only occasionally in China. For example, a short-teudystvas conducted in July 2006 during the PRD2006 campaign
(?). Here, a two-wavelength, backscatter and polarizatidar lfrom the National Institute for Environmental StudiB8ES)
in Japan was used. Two typhoon-driven flow episodes of northie, periods of accumulation of air pollution within th&B
area, and three cases of lofted layers above the PBL werevebisd his lidar was staying in Guangzhou until March 2008 an
was measuring in Guangzhou for a long-term study on seasenasol variations (Hara et al., 2011).

First Raman lidar measurements in the PRD were carried olR®POS during a one-month intensive field campaign in
Xinken in October 20047). The lidar used was the prototype of the mobile Raman liaély Rvith just one wavelength and
two detection channels. High levels of aerosol load and thegmce of lofted aerosol layers was observed during thieeent
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 obsematin
the PRD were realised in the frame of the Megacities projEee campaign was performed from AuturBfitiuntit2011
until summer 2012 in Guangzhou. The multi-wavelength Raman RdédlyX” (Althausen et al., 2009) with depolarization
capabilities was used for the characterization of the aétgpes over the PRD. The obtained results are presentdusin t
paper. To our knowledge, this is the first time that contirmuBaman lidar observations have been performed in the PRD for
more than half a year. This provides a unique data set of thieakaerosol distribution including the characterinatof the
optical properties in 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 conaius given.

2 Experiment
2.1 Field site

The measurements for the vertically-resolved aerosolacharization were taken by a multi-wavelength Raman lidayme
Polly*XT (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 GuangzR804(08"N, 11322'52"E, 23.5 m above sea level), where the
meteorological education at the University takes place. lidar was deployed on a roof terrace on the last floor of tlieibg

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 suropleber measurements started in the end of October 2011 and
lasted until the beginning of July 2012. The lidar was rugrima continuous 24/7 measurement mode from the beginning of
November 2011 until mid June 2012 - only interrupted by ragriguls. In the case of rain, a rain sen igdetects

the falling rain drops and the systeselesingclosesdown the measurements immediately. The vertical resaolwfahe raw
profiles is 7.5 m and the data were stored with a temporalugenlof 30 seconds.

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, anditheglr depolarization ratio at 532 nm. For the determinatitthe
particle backscatter coefficient and particle extinctioafticient duringrightnight-time the Raman method (Ansmann et al. ,
1992) was applied. During daytime the Fernald-Klett met{ieetnald, 1984; Klett, 1981) was used, but in this study only
the Raman derived profiles were taken into account. Therlitoéal or volume depolarization ratio includes moleculapd-
larization effects. The linear particle depolarizatioticavas calculated using the 90 calibration method desdribeletail
by Freudenthaler et al. (2009). Further derived opticapproesarewerethe extinction-to-backscatter-coefficient ratio, also
called lidar ratio, the linear particle depolarizationiwathe aerosol optical depth (AOD), and the respective eatter and
extinction related Angstrm exponents.

These propertiearewereused to identify the type of aerosol that was observed. Whéeparticle backscatter coefficient
indicates the present amount of particles, depending angbattering abilities, the particle extinction coefficigelates to
the absorption abilities of the particles as well. The ligdio, the ratio between these coefficients, is dependethiegbarticle
type, not on the amount. Also the particle depolarizatidioria typical for the particle type and helps distinguighivetween
spherical and non-spherical particles. The Angstrm expisraescribe the wavelength dependence of the respectikedzster
and extinction coefficients and are dependent on the sizgbdison of the particles.
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The lidar data were analysed as follows: The data were Wscialud screened using the automatically produced quock|
images on the PollyNET-webpage: www.polly.tropos.de.niibese data were evaluated manually in intervals of 2 hto 3 h
to obtain comparable profiles for a statistical analysisaVoid over-representation of long lasting cloud-free qasiwith
constant aerosol conditions, the number of considered@sqfer day during such periods was reduced to a maximum rmumbe
of four.

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 thedRagwrtinction profiles at the heights below 1.5 km height. The
Raman backscatter profiles are not affected by the incompletrlap since a ratio of two channels is used in the alguarith
Finally, the lowermost extinction value at about 150 m heighas extrapolated 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 dualgyanstrument, 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 usechar@@D and the Angstrm 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 coldesinimary: 13.9 C and warmest in July: 28.8C. The annual
mean temperature is 22.4 C. The weather is influenced by thenAsonsoon circulation. The main wind direction turns
with the dislocation of the Inter Tropical Convergence Z¢HeCZ) 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 transpodexdtfie South China Sea onto the continent. The mean annual
precipitation is 1720 mm. In the rainy season, which isihgstirom April to September, monthly mean precipitation sasmnge
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 piitstipn

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 "lizet in 2010-2012 (e.g., Boening, 2012). In April 2012 the
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 aaldayers
thatwhich contain a considerable amount of the total aerosol. Finsétgsonal mean profilegsewere calculated from all

particle extinction profiles to identify seasonal pattertghie vertical aerosol distribution.
3.1 Total AOD

An overview over the aerosol conditions during the entirsestiation period is given by the derived AOD values. PR.
shows the AERONET (Holben et al., 1998) level 2 AOD values@ Bm measured by the sun photometer and the AOD
values derived from Polfy” Raman extinction profiles at 532 nm. The combination of the muotometer working only at
daytime and the Raman capabilities for lidar available munight-time offers the unique possibility to obtain a ¢onbus
time series of AOD whenever atmospheric conditions allomitforhe extrapolation procedure to calculate the AOD from t
lidar profilesseemseemsdo underestimate the amount of aerosol close to the ground gileads to slightly lower AOD values
from the lidar than the ones measured by the sun photometeth&other hand the sun photometer AOD measurenisnts
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 ows&ng@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
valuesrangerangedbetween 0.2 and 0.6 with some peak AOD periods with high alyeto 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 DecembettnrusualUnusuallyheavy rainfall was observed which seems to be triggereddogttiong La Nient 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 cambve
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 reduiyygroscopic growth at the top of the boundary layer, which
was observed by the lidar at the time of this measurement aychot be identified by the sun photometer. Towards the summer
season with the onset of the monsoon, the mean A@&easedecreasedo 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. Fowtiole observation period, the mean photometer AOD
value at 500 nm was 0.54 0.33 and the lidar AOD value at 532 n;\0n&v 0.32. 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.?? shows the temporal evolution of the attenuated backscadtficient (calibrated range-corrected signal) at 1064 nm
for a five day period from March 23 to 29, 2012 in the upper pahke colors range from low backscatter signal in blue
andto high backscatter signal in red. White colors that can ba seetop of the aerosol layers indicate mostly clouds. The
blue vertical stripes occur if no signal is measured at allfcx example during a precipitation event on Mach 23 stgrtin
around 16:00 UTC. Several precipitation periods followiluadtout 10:00 UTC the next day. This plot shows the evolutibn
the aerosol layers that persist over these days. The ptartstandary layer (PBL) is developing every day startinguaic
00:00 UTC (08:00 LT) and is reaching up to heights of about 2-% km at its maximum. Above the PBL, another aerosol
layer is visible, which is reaching from 2 km to 5.5 km in theylmming of the period and to 5 km during the following two
days. The large heights of the lofted layers, as observelisncase, were mostly reached in spring. In the lower panel of
Fig.??the volume depolarization ratio at 532 nm is shown. Greeryatidw colors show considerable volume depolarization
ratios. A narrow layer of elevated depolarization ratioishle just above 2 km height. This layer corresponds to tmeet
boundary of the observed lofted layer.

Lidar profiles of the derived optical properties for March 2612 from 18:00 to 20:30 UTC are presented in PR).The
profiles of the particle backscatter coefficient, the phatextinction coefficient, and the resulting lidar ratioe thackscatter
related Angstrm exponent, and the linear particle depaitidn ratio are shown. Local time of this measurement i9®2:
04:30am. The nocturnal PBL shows a two layer structure with higizeticle backscatter and extinction coefficients below
1 km towards the ground and lower values between 1 and 2 knithé&igbm 2 to 5 km height the pronounced lofted aerosol
layer is visible with high values of the particle extinctiooefficient 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 $r 8.3 sr at 532 nm. The Angstrm exponent shows values around 1.5
throughout the whole profile. The particle depolarizatiatiaris about 9 % below 2 km height and increases to 15 % below
the lofted aerosol layer before it decreases to less thanriside the lofted layer.

Fig.??shows HYSPLIT 48 h backward trajectories calculated favarheights 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 depolarization ratio is elevated, and 3000 m is at theémmamx of the particle backscatter and extinction coefficieities
inside the lofted layer.

All trajectories remained quite close to the measuremeéafai 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 tject
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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 omiabove the measurements site: A PBL with a depth of 1.5 to
about 2 km and a decoupled, lofted aerosol layer above. Ttezlltayers 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 layeéits
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 nrareis plotted in Fig.??. In total,
99 single profiles (plotted in grey) were considered for #malysis. To identify seasonal variations in the profilepghdiour
mean profilesiveragedver two month each were calculated and are plotted in boldred lines. Note that the scale of the
x-axis is as high as 1000 Mm 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 valuesatia4 km. The highest value in the boundary layer was 275 ¥m
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 profileshowshows that three cases with pronounced lofted layers in the eff@bfuary are included
here. Also the mean January-February profile reached zéwesvat about 4 km height. The largest PBL value of the mean
particle extinction coefficient was as high as 500 Mmwhich 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~! atat2.9 km height. This is more than four times of the values ferttiree 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 werdddcat 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 tpights
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.



10

15

20

25

30

4 Lofted aerosol layers

The top heights and the depths of the lofted aerosol layerstaown in Fig:??. Both values were identified visually using
the backscatter coefficient profiles. The top heighsdefinedwerethebackseatteeoefficientsreachis definedto thealtitude
wherethe backscattecoefficientreacheghe molecular backgroueidthe, The lower boundary of the lofted layewasis

set to the minimum in the backscatter coefficient profile leetwthe PBL and the lofted layer. The top heights range from a
few cases of 1.5 km to heights of 5 km. The highest frequenocofirrences was observed from 2 km to 3 km, and a second
smaller peak at 4 km and 4.5 km.

During the winter season (Nov 2011 - mid Feb 2012), mostlylthetop heights of the lofted layers below 2.5 km were
observed and only a few cases with higher top heights oaturiee highest aerosol layer tops were observed during tiregsp
season (end of February, March and April). In total, 21 ca$ésfted layers with top heights of 3.5 km and higher occdrre
During the summer months May and June the top heights weiyalbetween 2.5 km and 3 km height. In total, a variability
of the top heights of lofted layers from 1.5 to 5 km was obséyvéth a majority of 79 cases between 2 and 3 km.

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

4.1 Lofted layer AOD

The lidar profiles of the case study shown in Figare an example for very high aerosol content. The AOD on taysvebs
among the highest values during the entire observationgeti04 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 &0 days before, on March 24 and 25 (see #®), when the
PBL was not so clean, the AOD-ratio for the lofted layers wasua 70%.

The mean AOD for the lofted layers for each month and someoseaperiodsareis presented in Table 1. The mean AOD-
ratio for the lofted layer in Marchvasthe-highestis the highestratio with 56%. Also April and June show high AOD-ratios
with 48% and 44%, respectively, while the AOD-ratio for Mayoinly 26%. During the winter months November, December,
and January, the AOD-ratigasis between 12% and 18% while in Februatryvaswith 22%it is already a bit higher. This is

also due to three observations with higher aerosol contetita lofted layers in the end of the month. When counting these
profiles rather for the spring period, the winter mean AOBererasis 15% and the spring mean AOD-ratio valwesis 48%.
For the two summer months, the mean AOD-ratigsis 34%. For the whole observation period, the mean AOD-ratidHe
lofted layersaasis 32%.

Thus, a significant part of the aerosol over the PRD is preaehtgh 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.
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4.2 Aerosol classification

The lidar optical properties used to characterize the aétgpe of the observed particles are the the lidar ratio,litear
particle depolarization ratio, and the Angstrm expondntBig. ??, the mearvaluesvalueof the lidar ratio at 532 nm is plotted
versus the linear particle depolarization ratio at 532 nypa(al the backscatter-related Angstrm exponent at 355 nra hB68

(b) for all observed lofted layers. For each data point tti@rimeasurements were lasting over at least 2 hours. Eacth imas
been coded by a color for easier identification. Fig(a) shows that most data points range between lidar rati8® sf and

80 sr, while the linear depolarization ratio lies mainlydsel10 %, and for the majority of cases even below 5 %. This means
that most of the time spherical particles were observedolejgation ratios below 5 % and high lidar ratios up to 80rer a
caused by particles of lovefleetionscatteringand high absorption capabilities. These are most likelshiseproduced smoke
and pollution particles arising from local sources. Thiguig for the observations during winter and also for May amnteJ In
March and April the depolarization ratio lies more oftervetn 5 % and 10 % and the corresponding lidar ratios are batwee
40 sr and 60 sr. These properties fit to more aged particlesiagidbe a result of the longer residence time of the partiokEgé

the lofted layers during this time of year. They may alsodatk traces of dust (e.g. agricultural dust, road dust, st filom
biomass burning fires injected into the atmosphere) or dénge, non-spherical particles as e.g. dried marine pesti©Only

a few cases of high linear depolarization ratios >10 % wesenked. The highest values of more than 20 % were measured
on December 2 and 3, 2011 during the only dust advection é¢kiahtook place during the measurement period. This event,
where the dust did arrive from the desert areas north of Cliaa discussed in detail in Heese et al. (2012).

Further classification can be done by using the size depéndfEmmation given through the Angstrm exponenis.
Fig—22(b)-As anexamplethe backscatter related Angstrm exponent for 355 nm/532srshownexemplifieein Fig. 22 ().

The two other Angstrm exponents show a comparable behaviaan be seen that the majority of Angstrm exponents lies
between 1 and 1.5 at lidar ratios between 40 and 60 sr. Thepenpies indicate particles from urban pollution of smaltia
medium size. Pollution mixed with larger particles can bentified by lidar ratios around 50 sr and Angstrm exponentsndo

to 0.5. Lidar ratios below 40 sr indicate that marine pagBainay be mixed with the pollution particles. Pure marindiglas

are larger and would have a lower Angstrm exponent of 0.13d%). Another group of observed high Angstrm exponents
from 1.3 to 2 with lidar ratios from 60 to 80 sr and low depdatation ratios are identified as more absorbing and smaller
particles from burning procesststwhich contain soot.

These results are consistent with findings from former st@ measured high levels of aerosol pollution over the PRD in
October 2006 with lidar ratios between 40 and 55 sr and mdag a4 7+ 6 sr.{Arsmann-et-al-200%nsmann et al. (2005)oncludec
that these lidar ratios are consistent with the presencagé) 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 depolarization ratios at 355 nm &8irim below 5% and corresponding lidar ratios between 30dsr an
80 sr for urban particles and particles arising from burmpnacesses.
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Grot al. (2015) report a mean linear depolarization rati® aéf 1 % and a mean lidar ratio 56 6 sr 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 bedgor the particle classification scheme for the upcoming
EarthCARE satellitereis presented in lllingworth et al. (2015). They also reporeéindepolarization ratios for smoke plumes
and anthropogenic pollution below 5 % and lidar ratios frddrsBto 80 sr and from 45 sr to 65 sr, respectively.

A study by Cattrall et al. (2005) is using AERONET sites foras®| classification and found that particle optical proigsr
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 poltusinsing from traffic, combustion of fuel, industrial andhet
burning processes are dominant over the PRD. Dust adveatilynplays a minor role, which was already observed by the
Asian dust lidar network (e.@).

4.3 Origin of the aerosol layers - trajectory analysis

A backward trajectory analysis was performed using the HYEPnodel (?) to determine the origin and the sources of the
observed aerosol layers. Backward trajectories were ledmifor 144 h for the periods of all evaluated lidar profiles

most cases three arrival-heights were sufficient to covewéntical aerosol structure, but in a few cases in which #resol
extendextendedup to very high altitudes, up to 5 arrival-heights were nsagg Arrival heights were set to the middle of an
existing aerosol layer. From this analysis, a total numibdil8 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 watided

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 analysadaely since they show a seasonal dependence and occurred
mainly in spring. In the following the results for these #tayer categories are presented.

Lower layers - PBL

For this category the lowermost layers with a top heightgarup to a maximum of 1200 m were considered. This covers
mainly the PBL and only a few cases of very low lofted layeryim@included. The number of clusters that were calculated wa
5 (Fig.??a). Most of the trajectories arriving at these layers cammfiocal and regional sources. 37 % of these local/regional
trajectories came from north-easterly directions (clug)e 29 % from south-westerly directions (cluster 2), and’dsame
from westerly directions (cluster 3). Only about a fifth of tehjectoriescemecamefrom regions further away: 10 % of the
trajectoriescoemecamefrom westerly directions (cluster 4), reaching back to tlrabdan and Saharan deserts and 9 % of the
trajectories (cluster S)emecamefrom north-westerly directions, originating from the ese®rth of China. This is eesuilts
resultthat was expected for the lower altitudes above the PRD. Minshassesrewere of local origin, either from the

mainland or from the close sea.
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Lofted layers

The air masses arriving at the layers above 1200 m mainly ¢eonethe westerly and north-westerly directions (Figb).
23 % of the air massesmsmecamefrom north-westerly regions (cluster 2) and 31 % came frons@i sources from the West
(cluster 3). Only 7 % of the trajectories indicate a posssiolerce from farther arriving from westerly directions &tler 5) and
only 2 % of the trajectoriessrive-camefrom far sources from North-west (cluster 4). Also for thégegory we can conclude

that the majority of the aerosol burden originated from lecaurces that are close 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 trajeacsrcame from slightly more north-westerly directions (Eu2),
and, again, 37 % of the trajectories came from local regichster 1, Fig?? c). Thus, no significant difference concerning
the origin was found for the particle layers observed up ty Wgh 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 transpantf close by, even if they were calculated for 6 days.

4.4 Statistics of lofted layer optical properties

In order to give a comprehensive overview over the typicads@ conditions in the PRD, a statistical analysis of thasueed
optical properties of the observed lofted aerosol layeigivien in the following. Statistical results are of importaenif the
data shall be used for further analyses, for example for fingestudies. In Fig.??, the mean and median values and the
standard deviations were calculated for the following préips: The lidar ratios at 355 nm (a) and 532 nm (b), the finea
particle depolarization ratio at 532 nm and the Angstrm eepts related to the extinction coefficient between 355 nch an
532 nm (d), the particle backscatter coefficient betweenrBb:nd 532 nm (e), and particle backscatter coefficient ketwe
532 nm and 1064 nm (f).

The statistics of the lidar ratios show a wide range of values 30 to 80 sr for both wavelengths (F& (a) and (b)).
Most of the lidar ratios lie between 30 and 60 sr, with a pedievaf 50-55 sr at 355 nm and 40-50 sr at 532 nm. The mean
lidar ratio at 355 nm is 50.7 sr and slightly higher than themigdar ratio at 532 nm of 48.1 sr . These values confirm thes rar
and very short former measurements done by lidar in the PBdnieFrom the first Megacity campaign in November 2009
(Chen at al., 2014) only lidar ratios at 355 nm were measUreely were 64 10 sr for a hazy period and 56 9 sr feralerate
moderatelypolluted period. Lidar ratios at 532 nm were measured in ¥m@PRD) in October 2004, and the mean value of
the lidar ratio was 46.7 5.6 sr (Ansmann et al., 209)5;

As already seen in the aerosol classification (P@.(c)), the statistics of linear particle depolarizationiogadt 532 nm
show that for the majority of 89 cases the depolarizatioio rats below 5 % and only 11 cases lie between 5 and 10 %. In
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only 6 cases the depolarization ratio was higher than 10 %6.iplies that mostly spherical particles were presenttaad
non-spherical particles are seldom mixed into the aerd$m.mean value for the linear depolarization ratio is 3.6-%.7 %.
The histogram of the Angstrm exponent related to the parégtinction coefficient at 355 nm to 532 nm (F?g.(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
higher values up to 3.0 were observed in 14 cases. The maamfealthe extinction related Angstrm exponent is 1448.49.
The Angstrm exponents related to the particle backscattficients at 355 nm / 532 nm (Fig? (e)) and 532 nm/ 1064 nm
(Fig.?? (f)) show a comparable distribution. Most cases, 51 andekpectively, are lying between1.0and 1.5 and 27 and
24 cases, respectively, between 1.5 and 2.0. Only two cisalsdve 2.0. Below 1.0, however, the number of cases istiligh
higher for the particle backscatter related Angstrm expofer 532 nm / 1064 nm, and especially the number of caseswelo
0.5. is higher. The mean values for the backscatter relatggthm exponent are 1.280.42 for 355 /532 nm and 1.17 0.49
for 532 /1064 nm. Only a few cases show Angstrm exponentsw@! that indicates larger particles in the coarse modes Thi
is consistent with the few observed cases of linear panief®larization ratios above 10 %. The derived mean paudjdiieal
properties are summarized in Table 2.

5 Conclusions

For the first time, continuousiulti-wavelengthgnulti-wavelengthRaman and polarization lidar observations were performed
over a long-term period in the highly polluted atmospher¢hef Pearl River Delta, Guangzhou, China. The measurements
were taken from November 2011 to mid June 1012. The obsengshow that a high load of aerosol is present not only in the
planetary boundary layer but also in lofted layers thatmagrto several kilometers height. The heights of theseddégers
show a seasonal dependence with heights below 2 km duringmdp to very high layer top heights above 5 km in spring.
The aerosol optical depth in the lofted layers make a sigmifipart of the total AOD observed in the vertical profile. Thil

AOD is rising from monthly mean winter values of 0.49 in Nousn to 0.84 in March. The percentage of the AOD in the
lofted layers varies from 12 to 20 % in the winter months to A8 85 % in spring.

These results confirm a previous studybwho investigated seasonal variations of AOD over diffefeaations in China
using the Chinese Sun Hazemeter Network. In most parts afe&C#ODs are at a maximum in spring or summer and at
a minimum in autumn or winter. This was also observed in Gahag and is consistent with the general wind circulation
dominated by the Asian monsoon.

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. These particles are mainly locally and regionatlydpced. During the summer monsoon season, they may also be
mixed with particles of marine origin from the close-by sBast mixtures into the pollution aerosol transported framarses

further away was only observed in one case.
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Table 1.Monthly mean values of total AOD and AOD of identified lofted layers detiirem lidar extinction profiles. The number of profiles
used each month is Nov 19, Dec 24, Jan 5, Feb 6, Mar 12, Apr 9, Magrz2ilJun 10. The total number of profiles is 106.

Period total AOD  Layer AOD-LL Percentage
November 2011 0.4% 0.29 0.06+ 0.05 12.2%
December 2011 0.3%2 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 0.84f 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 0.72£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 355-532nm  1.28 0.42
Ang BSC 532-1064 nm  1.1F 0.49
Depol Ratio (%) 3.6t 3.7
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Guangzhou (23.1°N, 133.7°E) AOD
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Figure 1. AOD derived from Polly*” Raman extinction measurements at 532 nm and AERONET level 2 aepisz! depth derived from

sun photometer measurements at 500 nm.
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Attenuated backscatter coefficient at 1064 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. The blue, vertical lines in the plots occur when the igsertomatically switched off due to rain events. This may also
be caused by insects flying through the rain sensor.
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Guangzhou, 26.03.2012, 18:00 - 20:30 UTC
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Figure 3. Lidar optical property profiles of particle backscatter coefficient (B$@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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NOAA HYSPLIT MODEL
Backward trajectories ending at 1900 UTC 26 Mar 12
GDAS Meteorological Data
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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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Polly*" PRD, Nov 2011 - June 2012
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Figure 5. All single and seasonal mean particle extinction coefficient profilesuedshe by the lidar at 532 nm during the entire observation
period from November 2011 to June 2012.
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Polly”” Nov 2011 - Jun 2012, PRD, China
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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 correspondé@gunements.
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Cluster means - Standard GDAS Meteorological Data
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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 ddagsos: (a) Lidar ratio at 355 nm, (b) Lidar ratio at 532 nm,

(c) linear particle depolarization ratio at 532 nm, (d) Extinction Angstropoeent, (e) Backscatter Angstrém exponent (355 nm / 532 nm),
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(f) Backscatter Angstrém exponent (532 nm / 1064 nm).
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