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Abstract

Raman lidar data obtained over a one year period has been analyzed in relation to
aerosol layers in the free troposphere over the Highveld in South Africa. In total, 375
layers were observed above the boundary layer during the period 30 January 2010–
31 January 2011. The seasonal behavior of aerosol layer geometrical characteristics,5

as well as intensive and extensive optical properties were studied. The highest cen-
ter heights of free tropospheric layers were observed during the South African spring
(2520 ± 970 m a.g.l.). The geometrical layer depth was found to be maximum during
spring, while it did not show any significant difference for the rest of the seasons. The
variability of the analyzed intensive and extensive optical properties was high during all10

seasons. This was attributed to the mixing state of aerosols and the different transport
paths of the aerosol layers. Layers were observed at a mean altitude of 2100 ± 1000 m
a.g.l. with an average lidar ratio of 67 ± 25 sr (mean value with one standard deviation)
at 355 nm and a mean extinction-related Ångström exponent of 1.9 ± 0.8 between 355
and 532 nm during the period under study. During southern hemispheric spring, the15

biomass burning activity is clearly reflected in the optical properties of the observed
free tropospheric layers. Specifically, lidar ratios at 355 nm were 57 ± 20 sr , 65 ± 23 sr,
59 ± 22 sr and 89 ± 21 sr during summer (December–February), winter (June–August),
autumn (March–May) and spring (September–November), respectively. The extinction-
related Ångström exponents between 355 and 532 nm measured during summer, win-20

ter, autumn and spring were 2.4 ± 0.9, 1.8 ± 0.6, 1.8 ± 0.9 and 1.8 ± 0.6, respectively.
The mean columnar aerosol optical depth (AOD) obtained from lidar measurements
was found to be 0.46 ± 0.35 at 355 nm and 0.25 ± 0.2 at 532 nm.The contribution
of free tropospheric aerosols on the AOD had a wide range of values with a mean
contribution of 46 %.25
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1 Introduction

Atmospheric aerosols of natural and anthropogenic origin contribute substantially to
global climate variability (IPCC, 2013). A detailed understanding of the regional ge-
ometrical characteristics and optical properties of aerosols, as well as their temporal
and spatial distribution is required before we can accurately evaluate aerosol effects in5

the climate system (Hsu et al., 2000). However, high-quality aerosol measurements in
the Southern Hemisphere are rather limited. South Africa is located at the southern-
most tip of the African continent, extending from 22 to 34◦ S latitude and from 16 to
32◦ E longitude. Previous studies have indicated that South Africa is one of the most
affected countries in the world with regard to aerosol load, due to various natural and10

anthropogenic activities (Piketh et al., 2000, 2002; Formenti et al., 2002, 2003; Camp-
bell et al., 2003; Eck et al., 2003; Freiman and Piketh, 2003; Ichoku et al., 2003; Ross
et al., 2003; Winkler et al., 2008; Queface et al., 2011; Tesfaye et al., 2011; Venter
et al., 2012; Tiitta et al., 2014).

According to Giglio et al. (2010), 70 % of the total area burned worldwide annually15

occurs in Africa. In order to assess the influence of wildfire aerosols on the climate sys-
tem, it is important to know their altitude distribution. If wildfire aerosols are for example
involved in cloud activation processes, it can alter cloud development through indirect
and semi-direct aerosol effects (Ramanathan et al., 2001; Andreae et al., 2004; Koren
et al., 2004, 2008; Rosenfeld et al., 2008). In addition, vertical transport can change20

the residence time and horizontal transport patterns of the absorbing aerosols. Vakkari
et al. (2014) also recently showed that in biomass burning plumes in South Africa sec-
ondary aerosol formation increases significantly the aerosol mass and number con-
centrations during plume transport.

The Southern Hemisphere is relatively devoid of major dust activity (Prospero et al.,25

2002). In Southern Africa one source of mineral dust is located in Botswana in the
region centered at 21◦ S, 26◦ E with highly variable activity from year to year, while
a second small but persistent source is centered at 16◦ E, 18◦ S over the Etosha Pan,
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an extremely flat salt pan in Northern Namibia (Prospero et al., 2002; Bryant et al.,
2007). Robles-Gonzalez and Leeuw (2008) have measured AODs of up to 0.75 at
555 nm over Namibian and Kalahari deserts during SAFARI-2000.

Long-term studies of atmospheric aerosols over the continental Southern Hemi-
sphere are limited. In general, previous studies pointed out the importance of regional5

circulation and seasonal pollutant variation. In these long-term investigations the opti-
cal properties of aerosols have been studied by means of sun photometers (e.g. Que-
face et al., 2011), in situ data (e.g. Laakso et al., 2012) and satellite observations (e.g.
Tesfaye et al., 2011). Sun photometers provide column optical properties from which
microphysical information can be deduced. Although in situ surface observations pro-10

vide detailed optical, chemical and microphysical characterization of particles, they are
often point measurements. Optical properties of boundary layer aerosols that originate
from local sources and regionally transported aerosols are usually different from free
tropospheric aerosols that generally originate from long-range transport.

Considering the above mentioned, there is a clear need for vertically resolved obser-15

vations with advanced multiwavelength lidars. Lidar systems provide vertical profiles
of atmospheric aerosols with a high temporal and spatial resolution. They are power-
ful tools for the geometrical characterization of free tropospheric aerosols (e.g. Mattis
et al., 2008) and for the analysis of aerosol optical properties (e.g. Müller et al., 2007),
which are the key factors in determining the impact of aerosols on solar radiation (Wag-20

ner et al., 2001). The optical characterization of aerosols is made possible with the in-
dependent detection of particle extinction and backscattering properties by the use of
the Raman-lidar technique (Ansmann et al., 1992). Modern lidars are able to measure
volume extinction coefficient profiles at two wavelengths and therefore determine the
extinction-related Ångström exponent (Ångström, 1964), which contains information on25

particle size. Numerous studies (e.g. Ansmann et al., 2002; Müller et al., 2007; Groß
et al., 2013; Mona et al., 2006) have demonstrated that the lidar ratio (i.e. extinction-to-
backscatter ratio) is a valuable parameter for aerosol characterization since it depends
on the particles microphysical and chemical properties and therefore varies signifi-
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cantly for different aerosol types. Based on 10 years of lidar observations around the
globe, intensive optical properties of several aerosol types were presented by Müller
et al. (2007). However, long-term lidar studies often reveal high variability in the optical
properties measured (Balis et al., 2004; Papayannis et al., 2008; Amiridis et al., 2009;
Giannakaki et al., 2010, Hänel et al., 2012; Komppula et al., 2012; Baars et al., 2012)5

due to the high temporal and spatial variability of the aerosol occurrences.
The measurements presented in this paper were performed within the framework of

the EUCAARI project (Kulmala et al., 2011). Four key regions outside Europe were
chosen to perform at least one year of Raman lidar measurements for greater insight
into aerosol effects on global climate. Apart from the South African measurements10

(Laakso et al., 2012), measurements took place in the Amazon Basin (Baars, 2012),
India (Komppula, 2012) and China (Hänel, 2012).

The lidar measurement site was located on a hill top at Elandsfontein (26◦15′ S,
29◦26′ E, 1745 m a.s.l.) in the Highveld region of South Africa. The station was lo-
cated approximately 150 km east from the Johannesburg-Pretoria megacity, which is15

the largest metropolitan area in South Africa with a population of over 10 million people
(Lourens et al., 2012).

One significant source of atmospheric pollutants in the region is biomass burning
through wild and agricultural fires (Tummon et al., 2010; Swap et al., 2003). In addi-
tion, the burning of solid fuels such as wood, dung and residual crops for domestic20

cooking and space heating is also an important source of emissions into the atmo-
sphere in Southern Africa. These emissions (from wild fires and domestic burning),
when transported above boundary layer, are difficult to distinguish from one another.
Marufu et al. (2000) have estimated that household emissions account for at least
as much as wild fire burning and industrial emissions. Another source of aerosols in25

the region investigated is anthropogenic emissions from industrialized regions in South
Africa. The major industrial pollution sources within a 50 km radius of the measurement
site include ten coal-fired power plants, a petrochemical plant and some metallurgical
plants (Laakso et al., 2012). Desert dust aerosols emitted from Botswana and Namibia
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deserts might be also possible sources of aerosols in this region. The shortest dis-
tance to the Indian Ocean is approximately 350 km, therefore marine air masses can
also have an impact on atmospheric aerosols at Elandsfontein.

A dominant characteristic of the South African Highveld climate is the variation be-
tween wet (October to March) and dry (April to September) periods. Approximately5

90 % of the annual precipitation falls during the wet period. The limited cloud cover
during the dry season results in strong nocturnal inversions and reduced vertical mix-
ing at night-time (Laakso et al., 2012), while during daytime strong surface heating
and thus vertical mixing occurs. In contrast, the cloudiness and precipitation increase
dramatically during the rainy season.10

There are variations in the definition of climatic seasons in South Africa since South
Africa does not really experience four distinct seasons. According to actual weather
conditions, spring can be rather short, lasting only two months, while the summer is
usually relatively long. In this study we accept the definition used in Tyson and Preston-
Whyte (2004). Each season lasts for a period of three months with summer being from15

December to February, autumn from March to May, winter from June to August and
spring from September to November. In addition, we present statistical results for the
wet and dry periods, as well as for the “intense” biomass burning period (August to
October).

In this study we summarize one year of Raman lidar observations over South Africa.20

The analyses of lidar measurements presented here could assist in bridging existing
gaps on the knowledge of vertical distribution of aerosols above South Africa, since
limited long-term data of this type is available for this region. For the first time, we have
been able to cover the full seasonal cycle on geometrical characteristics and optical
properties of free tropospheric aerosol layers in the region.25

A description of the instrumentation and the data processing used in this study is
presented in Sect. 2. The geometrical characteristics and AOD of free tropospheric
aerosol layers as well as the intensive and extensive optical properties of the layers
are discussed in Sect. 3. The paper ends with a summary and conclusions in Sect. 4.
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2 Instrumentation and methodology

2.1 Multi-wavelength Raman lidar

A multi-wavelength Raman lidar PollyXT (Althausen et al., 2009) supplied by the Finnish
Meteorological Institute (FMI) was operated remotely at Elandsfontain in South Africa.
PollyXT works with a Nd:YAG laser emitting at its primary wavelength of 1064 nm, which5

after frequency doubling and tripling emits at the wavelengths of 532 and 355 nm, re-
spectively. The receiver consists of a Newtonian telescope with a diameter of 300 mm
and a field of view of 1 mrad. Photomultiplier tubes (PMT) are used for the detection
of the elastically backscattered photons at 355, 532 and 1064 nm, as well as the in-
elastically backscattered photons at 387 and 607 nm that corresponds to the Raman-10

shift by nitrogen molecules at 355 and 532 nm, respectively. Additionally, the cross
polarized component at 355 nm is detected that consequently allows the determination
of the linear particle depolarization ratio. The vertical resolution is 30 m and the raw
data is typically stored as average values calculated over 30 s. Data was collected on
the web page of PollyNet (http://polly.tropos.de) where the “quicklooks” of all measure-15

ments are available.
The PollyXT of FMI had also been deployed in a long-term aerosol experimental

campaigns at Gual Pahari, India (March 2008–March 2009) (Komppula et al., 2012)
and is currently operating at Vehmasmäki, Finland (62◦44′17′′ N, 27◦32′33.5′′ E, 190 m
a.s.l.). The lidar system has been recently upgraded (Engelmann et al., 2012) and is20

now part of the European Aerosol Research Lidar Network (EARLINET) (Bösenberg
et al., 2003; Pappalardo et al., 2014) and the Finnish lidar network (Hirsikko et al.,
2014).

2.2 Auxiliary data

Moderate Resolution Imaging Spectroradiometer (MODIS) collection 5 active fire prod-25

uct data was used in this study to determine the number of wild fire hotspots in the

1350

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/1343/2015/acpd-15-1343-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/1343/2015/acpd-15-1343-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://polly.tropos.de


ACPD
15, 1343–1384, 2015

One year of Raman
lidar observations of

free tropospheric
aerosol layers

E. Giannakaki et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

region (Roy et al., 2008). Hotspots is a satellite data product that has been widely used
for mapping fire occurrence and are derived from temperature anomalies registered by
the middle and thermal infrared sensors (Hantson et al., 2012).

Basic meteorological parameters were measured with a Vaisala WXT510 meteoro-
logical station (Vaisala, WXT510 specification sheet, 2010) at the site. Measurements5

included wind direction and -speed with an acoustic anemometer, temperature, relative
humidity and rain density (Laakso et al., 2012).

2.3 Lidar data evaluation

Lidar measurements commenced on 11 December 2009 and were conducted up until
31 January 2011. The measurements were carried out continuously, with the exception10

of two periods during which maintenance was performed, i.e. from 23 December 2009
to 26 January 2010 and from 23 October 2010 to 23 November 2010. PollyXT collected
measurements on 310 days for a total of 4935 h. In order to determine the optical pro-
files, the data was hourly averaged every three hours, i.e. leaving a gap of two hours
between individual averaged measurements, when the atmospheric conditions were15

homogeneous and free of low and medium height clouds. Only night-time measure-
ments are analyzed in this study since Raman signals are too weak to be detected with
the PollyXT during daytime. The main objective is to study the extensive (backscatter
and extinction coefficients) and intensive (lidar ratio, Ångström exponents) optical prop-
erties of free tropospheric aerosol layers in the region. The extinction and the backscat-20

ter coefficient profiles at 355 and 532 nm have been obtained with the Raman method
(Ansmann et al., 1992), while the backscatter at 1064 nm has been determined using
the Klett method (Klett, 1981). An overlap correction has been applied on the basis of
a simple technique proposed by Wandinger and Ansmann (2002). The depolarization
ratio profiles are not analyzed in this study.25

The range-resolved elastic backscatter signal contains information that can be used
to derive the height of aerosol layers. The gradient method, also used in the EARLINET
community, was applied to determine the bottom and top layer heights of the aerosols
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in the free troposphere (Flamant et al., 1997; Bösenberg et al., 2003; Mattis et al.,
2008). In general, the local maximum in the first derivative of backscatter at 1064 nm
is considered to be the bottom of a layer, while the local minimum is considered to
be the top of the layer. In order to verify the gradient method, we checked whether
the layer boundaries identified by the gradient method coincide with the bottom and5

top heights that we recognize in coherent structures of the height time displays of the
range-corrected lidar signal.

In this work we analyzed the geometrical characteristics of the free tropospheric
aerosol layers above the measurement site. Layers observed inside the boundary layer
are not analyzed in this study. This involved determining the top of the planetary bound-10

ary layer as presented by Korhonen et al. (2014). Planetary boundary layer top heights
were retrieved from the lidar backscatter signal at 1064 nm using the Wavelet Covari-
ance Transform method (Brooks, 2003). The accuracy on geometrical boundaries iden-
tification of free tropospheric aerosol layers depends on the correct determination of
PBL top height. Korhonen et al. (2014) have shown that the Wavelet Covatiance Trans-15

form method performs well despite the frequent complex vertical aerosol layer struc-
tures caused by large emissions from large point sources and biomass burning. Sub-
sequently, 7-day back-trajectories were calculated by means of the HYSPLIT model
(Draxler and Hess, 1997, 1998) for the center height of each elevated layer.

3 Results and discussion20

The percentage of the night-time measurements performed each month in terms of
hourly averaged profiles every three hours is presented in Fig. 1a (blue bars), which
varies between 3 and 72 % for all the months. The percentage was calculated by taking
into account the night time hours for each month. Analysis could not be performed
during unfavorable weather conditions, such as the presence of low clouds and rain25

(shaded bars) or due to the scheduled shutdowns (grey bars). In Fig. 1b we present
the percentage of the measurements in which at least one free-tropospheric aerosol
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layer was observed (green bars). The total number of the observed layers per month is
presented with red stars in the same figure. In total, 375 aerosol layers were observed
above the boundary layer during the period studied.

In this region, approximately 90 % of the annual precipitation falls during the wet
season (October–March) (Laakso et al., 2012 and references therein), as indicated in5

Fig. 1c. Fewer measurements were performed during the wet period. The seasonal
precipitation cycle should not only affect the number of measurements that could be
performed but also the total number of layers observed. Therefore it is expected that
the fraction of measurements of free-tropospheric aerosol layers in relation to the total
number of observations should be less during the wet season due to wet scavenging.10

However, our results indicate that during the wet period a relatively large number of
layers are still observed in the free troposphere. The general anticyclonic nature of
atmospheric circulation over the region, results in the formation of absolutely stable
layers of air throughout the year (Cosijn and Tyson, 1996). According to the same study
the absolutely stable air layers occur preferentially at around the 700, 500 and 300 hPa15

levels and are spatially extensive and temporally persistent in fair weather conditions.

3.1 Geometrical characteristics and optical depth of free tropospheric aerosol
layers

In order to define the geometrical boundaries of free tropospheric aerosol layers we
need to determine the PBL top height. In this study the determination of PBL top height20

was performed for the hourly night-time lidar observations and only for the cases which
at least one layer was observed. The PBL top height is presented in Fig. 2a. The
average PBL top height was found to be 1440±656m a.g.l. The highest PBL top height
was observed during spring (October) while lower PBL values were observed in winter.
The difference between the bottom of the first free tropospheric aerosol layer observed25

from the PBL height is presented in Fig. 2b. Forty five percent (45 %) of the elevated
layers were separated by up to 500 m from the PBL aerosols. In about of 20 % of
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the hourly analyzed cases the free tropospheric layers were separated by more than
1000 m from the PBL height.

Figure 3 shows our complete data set of lidar measurements in terms of geometrical
characteristics. The vertical lines present the observed height ranges of free tropo-
spheric aerosol layers. Out of 429 hourly analyzed lidar observation, we observe free5

tropospheric pollution events on 223 (i.e. 52 %). In total 375 free tropospheric aerosol
layers were observed. Pollution events are observed as single layer on 52 % of the
cases, while they are often characterized by two (32 %), three (13 %) or more particle
layers (3 %). Up to five layers were observed simultaneous. The maximum top height
observed was 5730 m a.g.l. on 22 August 2010, while the minimum bottom height was10

400 m a.g.l. and observed on 21 July 2010. The geometrical depth of the free tropo-
spheric layers varies from a few hundred meters to several kilometers throughout the
period under investigation. Figure 3 already indicates that layers are observed at higher
elevation levels during the second half of the year.

Monthly averaged lidar measurements analyzed in terms of center height (a), geo-15

metrical depth (b), and AODs (c) at 355 and 532 nm for the period investigated are pre-
sented in Fig. 4. The AOD measured is the integrated extinction coefficients at 355 and
532 nm for each layer identified. From the total number of free-tropospheric layers ob-
served, 72 % occurred at heights higher than 1500 m a.g.l. The higher and thicker lay-
ers were observed during the second half of the year. According to the MODIS fire prod-20

uct in year 2010 the biomass burning activity started in July and lasted until October
(https://firms.modaps.eosdis.nasa.gov/animations/2010_animation.gif), which is a typ-
ical seasonal pattern in Southern Africa (e.g. Ito et al., 2007). The increase in biomass
burning activity most probably contributes to higher and more frequent aerosol layer
observations from August to October. During winter a surface inversion layer extends25

from the ground up to 300 m above the surface. An absolutely stable layer at 3000 m,
a.s.l. is also present in 90 % of days during winter (Cosijn and Tyson, 1996). The effec-
tive height of the power station stacks are around 400 m (http://www.eskom.co.za). So,
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during winter nights aerosol layer plumes can be trapped between the surface layer
and the absolutely stable layer.

Due to low signal-to-noise ratios, analysis of the optical properties could not be per-
formed for the entire dataset. For this reason the number of geometrically observed
layers (Fig. 4a) is larger (or equal) than the number of layers for which layer AOD could5

be calculated (squares in Fig. 4c). Mean extinction coefficient and thus layer AOD show
large variations both at 355 and 532 nm. On average, aerosol layer optical depths at
both wavelengths were below 0.1. Only during late winter and spring the mean AOD of
free tropospheric layers at 355 nm was above 0.1. Maximum values of layer AOD of up
to 0.3 at both wavelengths were reached, which is a significant (in the order of 85 %)10

contribution to the columnar AOD. The larger extinction coefficients at both wavelengths
during May and June are observed for lower layers. However, the corresponding AODs
are low due to small geometrical depths of these layers.

In order to further investigate the contribution of the free tropospheric aerosol load
to the columnar AOD we studied the columnar, free tropospheric and boundary layer15

AODs in more detail. For each of the lidar measurements analyzed, columnar AOD
estimates were determined by integrating the aerosol extinction coefficient at 355 and
532 nm. We assumed that the extinction value at the height for which the overlap func-
tion is equal to 0.7 is representative down to the surface to account for the incomplete
overlap region. The value of 0.7 is reached between 300 and 500 m. Therefore, this20

is a reasonable assumption and it is also a common approach in lidar studies (e.g.
Giannakaki et al., 2010). In Fig. 5 we present the columnar AOD calculated from each
of the hourly analyzed lidar measurements at 355 (a) and 532 nm (b). In the same fig-
ure sun photometer daily values are presented for 340 and 380 nm (a) as well as for
500 nm (b).The mean columnar AOD obtained from lidar measurements was found to25

be 0.46±0.35 at 355 nm and 0.25±0.2 at 532 nm. The direct comparison of the two
datasets is not the purpose of this study since sun photometer values are referring to
day time measurements while lidar data are night-time measurements. The lidar de-
rived columnar AOD exhibits a seasonal variability, with maximum values of 1.54 and
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0.78 at 355 and 532 nm, respectively measured in late September. The same seasonal
behavior is also observed with sun photometer.

In an effort to explain the observed seasonality of the columnar AOD, we separately
estimated the AOD in the boundary layer and the free troposphere at 355 nm, which
are presented in Fig. 6a. As can be seen in Fig. 6a, the same seasonal pattern is5

observed for the AOD at 355 nm in the boundary layer and the free troposphere, i.e.
larger AOD values measured during late July, August, September and October in the
boundary layer and the free troposphere. This is also found for the AOD at 532 nm (not
shown here). In Fig. 6b we present the percentage contribution of free tropospheric
AOD to the total AOD. Large variations of the contribution of free tropospheric AOD10

to the total AOD are observed for the period investigated, with a mean value of 46 %.
The largest monthly contribution of 58 % is observed in October. The period with in-
creases in columnar, free tropospheric and boundary layer AODs coincides with higher
wind speeds as presented in Fig. 7a and an increase in biomass burning activity in
South Africa shown in Fig. 7b. Tesfaye et al. (2011) attributed the increase of colum-15

nar AODs mainly to local sources and enhanced wind speeds. Higher wind speeds
could lead to an increased transport of biomass emissions from regions further away
from Elandsfontein. The increase in biomass burning activity in South Africa also con-
tributes to enhance free tropospheric AOD. This is supported by the higher altitude of
the observed aerosol layers during August, September and October (Fig. 3). The num-20

ber of hotspots (http://earthdata.nasa.gov/data/nrt-data/firms/active-fire-data) that was
observed in the latitude range between 40 and 20◦ S and longitude range between 20
and 40◦ E degrees are plotted in Fig. 7b. The results are presented in two clusters of
medium (30–80 %) and high confidence (80–100 %). The number of hotspots with high
confidence, in the region under study, ranges from 10 000 to 15 000 during August,25

September and October; while it is less than 2000 for the rest of the months.
Histograms of the geometrical center height of the elevated particle plumes with

bin intervals of 750 m are shown in Fig. 8 for each of the seasons. In the same fig-
ure, the statistical distribution for each season is also presented with box and whisker
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plots. High variation in the geometrical characteristics is observed throughout the year.
Mean values of geometrical centers, as well as AODs at 355 and 532 nm are pre-
sented in Table 1. In general, free tropospheric aerosol layers were found at higher
altitudes in spring and summer. The peak of the frequency distribution of the geomet-
rical mean height of the observed free-tropospheric aerosol layers during spring and5

summer were found to be between 2250 and 3000 m a.g.l., while for autumn and win-
ter the peak ranges between 1500 and 2250 m a.g.l. Only 35 % of the analyzed free
tropospheric aerosol layers were observed below 2250 m a.g.l. during spring, while in
summer, autumn and winter 43, 74, and 75 % of the free tropospheric aerosol layers
were observed below 2250 m, respectively. The higher free tropospheric aerosol lay-10

ers during spring is possibly due to intensive biomass burning activity in central and
Southern Africa and the transport of smoke above our measurement site. Seven-days
back-trajectories analysis together with superimposed hotspots derived by MODIS for
each of the layers identified reveals long range transport of biomass burning aerosols
over Elandsfontein in most of the cases analyzed during spring.15

3.2 Extensive and intensive optical properties of free tropospheric aerosol lay-
ers

Detailed statistical information on the extensive aerosol properties is presented in Ta-
ble 2. It is evident that a wide range of extinction and backscatter coefficients for the four
seasons during the year is observed. In addition to seasonal values we also present20

the values for wet, dry and biomass burning periods.
Mean Ångström exponents and lidar ratios were derived for the observed geomet-

rical layers in cases that the extinction and backscatter coefficients profiles could be
obtained. The monthly averaged lidar ratio at 355 and 532 nm, as well as the Ångström
exponents of free tropospheric layers are presented in Fig. 9.25

Between late winter and throughout spring high lidar ratios are observed at both
wavelengths. During this period a significant contribution of aerosol layers originates
from wild and controlled fires. Although these fire plumes occur at ground level, they are
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lifted higher in the atmosphere due to the increased heat and may be transported above
Elandsfontein. Domestic biomass burning in informal settlements for cooking and heat-
ing can also contribute, but these emissions are exclusively emitted at ground level. It
is therefore unlikely that such emission close to Elandsfontein will have a significant
impact to free tropospheric aerosol load measured. However, household emissions5

are common across the entire Southern Africa, which implies that regional transport
of such emission further away from Elandsfontein may results in a contribution to the
free tropospheric load measured over Elandsfontein. The absorbing smoke aerosols,
originating from all the afore-mentioned combustion sources, can explain the large lidar
ratio values observed. During this period the Ångström exponents appear to have large10

variation, with smaller values observed for lower aerosol layers. Ångström exponents
appear to be lower from May to September. This can be attributed to the lower precip-
itation (dry season). Therefore larger particles stay longer in the atmosphere at lower
layers, since they are not washed out.

The seasonal frequency distribution plots for the lidar ratio at 355 nm and the15

Ångström exponent related to extinction between 355 and 532 nm are presented in
Figs. 10 and 11, respectively. We present the frequency distribution plot only for 355 nm
because observation of the lidar ratio at 532 nm was more often limited due to detec-
tor problems. Additional information on the intensive optical properties for both wave-
lengths is given in Table 3. An average lidar ratio of 67±25sr at 355 nm and a mean20

extinction-related Ångström exponent of 1.9±0.8 between 355 and 532 nm are mea-
sured during the entire sampling period in South Africa.

Lower mean values of lidar ratio and larger Ångström exponents have been observed
during summer. One possible explanation is the removal of larger aerosols through wet-
scavenging during these wetter months. Most of the free-tropospheric aerosol layers25

observed during this period were associated with an easterly air mass flow. The major
industrial pollution sources are located primarily either to the north, west or southwest
of the lidar at Elandsfontein (Laakso et al., 2012). Therefore, the easterly flow that
prevails during summer results in a less polluted free troposphere, compared to other
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seasons. Aerosols measured during this period could also include maritime aerosols
with air masses moving from the Indian Ocean.

The frequency distribution plots of lidar ratio for autumn and winter are quite similar.
However, 16 % of elevated aerosols during autumn are associated with lidar ratios
lower than 40 sr, while 12 % of lidar ratios were lower than 40 sr during winter. Seven-5

day backward trajectory analysis clearly indicated that these aerosol plumes (with lidar
ratio lower than 40 sr), passed above the ocean. Wild fires in late July and August (see
Fig. 7b) are the mainly sources of absorbing smoke aerosols that result in aerosol
layer plumes with high lidar ratios during these months. The intensive biomass burning
activity in South Africa during spring is clearly reflected on the frequency distribution of10

the lidar ratio at 355 nm indicated by larger lidar ratio values, with a peak between 80
and 100 sr.

The frequency distribution plots of the extinction related Ångström exponent between
355 and 532 nm in Fig. 11 reveal relatively evenly spread values during summer and
autumn with no specific peak. This can most likely be attributed to atmospheric mixing15

processes. Ångström exponent distribution plot during winter and spring are similar,
with a narrow distribution around 1.75.

Several statistics of lidar ratio and Ångström exponent are available for comparison.
Mean lidar ratios at 355 nm vary from 21 to 67 sr, whereas 26 to 87 sr is found for the
lidar ratio at 532 nm for aged Siberian forest fire smoke (Müller et al., 2005). Ander-20

son et al. (2003) found a mean lidar ratio of 45±10sr at 532 nm during the ACE-Asia
campaign in the spring of 2000 for east Asian haze over the Pacific Ocean close to
China. Murayama et al. (2003) analyzed ACE-Asia lidar and aircraft measurements
over Japan. Mean lidar ratios in the polluted lower troposphere were 35–45 sr, and
Ångström exponents were 1.5–2 in the wavelength range from 450 to 700 nm. Bösen-25

berg et al. (2003) report an average lidar ratio of 55 sr at 351 nm for height range
2000 to 3000 m over Hamburg, Germany. Giannakaki et al. (2010) analyzed 7 years of
EARLINET observations (2001–2007). Lidar ratio at 355 nm of the order of 70 sr was
found for biomass burning aerosols. Amiridis et al. (2009) found that backscatter related
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Ångström exponent for biomass burning aerosols over Southeastern Europe ranges
between 0.5 and 2.4 indicating a variety of particle sizes. Giannakaki et al. (2010) found
that Ångström exponent ranges from 1 to 3 both for biomass burning aerosols and Eu-
ropean continental polluted aerosols, indicating the same size of aerosols for these
types of aerosols. An Ångström exponent of 1.35 was measured for Siberian forest fire5

smoke at Tokyo (Murayama et al., 2004). Mean particle Ångström exponent between
355 and 532 nm varied from 0 to 1.3 for aged biomass burning aerosols observed over
central Germany (Müller et al., 2005). A decrease of the Ångström exponent (450–
550 nm wavelength), which is equivalent to an increase of particle size, was observed
for fires in tropical forest and cerrado during SCAR-B campaign (Reid et al., 1998). In10

situ observations showed that Ångström exponents (355–532 nm wavelength) were on
the order of 2.2±0.2 for fresh smoke and 1.2±0.2 for aged smoke. Moreover, different
biomass fuel and burning processes certainly generate particles of different initial size,
which in the end may lead to different growth mechanisms.

In this study large variability is observed both for lidar ratio and Ångström exponent15

of free tropospheric aerosol layers throughout the year. During summer, autumn and
winter lidar ratio and Ångström exponents are within the range of previous observation
for urban/industrial aerosols (Müller et al., 2007; Giannakaki et al., 2010; Bösenberg
et al., 2003). During spring the lidar ratio of elevated layers is high, on average 89 sr,
which is comparable to biomass burning smoke (Giannakaki et al., 2010; Amiridis et al.,20

2009). Mean Ångström exponent during spring found to be 1.8±0.5, indicating relatively
small and fresh biomass burning particles.

4 Summary and conclusions

The seasonal patterns of the geometrical characteristics and optical properties of ele-
vated aerosol layers at a continental site in South Africa are presented. The geometrical25

depth of the free tropospheric layers varies from a few hundred meters to several kilo-
meters. Pollution events are observed as single layer on 52 % of the cases, while they
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are often characterized by two (32 %), three (13 %) or more particle layers (3 %). Sev-
eral aerosol sources may be responsible for a single free tropospheric pollution event.
The classification of the aerosol layers relating to the season of occurrence revealed
rather stable geometrical aerosol layer depths for winter, summer and autumn with
higher aerosol layer depths during spring. During winter nights layers are observed up5

to 3000 m. These aerosol layers are probably trapped between the inversion surface
layer and an absolutely stable layer that is formed in 90 % of days during winter (Cosijn
and Tyson, 1996).

Except for the intensive biomass burning period from August to October, the lidar
ratios and Ångström exponents are within the range of previous observations for ur-10

ban/industrial aerosols (Müller et al., 2007; Giannakaki et al., 2010; Bösenberg et al.,
2003). Considering that the Elandsfontein measurement station is located in the midst
of large industrial plants 150 km east of the megacity of Johannesburg, this is reason-
able. However, we observed large variability in both intensive and extensive aerosol
properties of free tropospheric aerosol layers. From August to October, the lidar ratio15

of elevated layers is high, on average 89 sr, which is comparable to biomass burning
smoke (Giannakaki et al., 2010; Amiridis et al., 2009). During this period also AOD is
significantly increased, suggesting that similar to ground-based aerosol in the region
(e.g. Vakkari et al., 2013) the seasonality of elevated aerosol layers is dominated by
combustion sources. The mean free tropospheric contribution to the AOD of aerosol20

layers is 46 % which can reach up to 96 %. Mean Ångström exponent related to extinc-
tion was found to be 1.8 both for dry and biomass burning period indicating the same
size of particles for both biomass burning and polluted aerosols.
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Table 1. Geometrical characteristics and AOD at 355 and 532 nm of free tropospheric aerosols
for summer, autumn, winter, spring, wet, dry and biomass burning period. The values represent
the mean value and one standard deviation. The numbers in brackets are the median value.
The numbers in parenthesis are the number of free tropospheric aerosol layers averaged.

Season or period Center (m) AOD 355 nm AOD 532 nm

Summer (Dec–Feb) 2440±1100 (67) [2470] 0.07±0.11 (56) [0.03] 0.05±0.04 (18) [0.04]
Autumn (Mar–May) 1800±720 (116) [1740] 0.05±0.04 (99) [0.04] 0.03±0.02 (39) [0.02]
Winter (Jun–Aug) 1880±1100 (98) [1685] 0.06±0.06 (78) [0.04] 0.04±0.04 (40) [0.03]
Spring (Sep–Nov) 2520±970 (94) [2415] 0.18±0.14 (69) [0.15] 0.09±0.07 (66) [0.08]
Wet (Oct–Mar) 2430±1000 (174) [2375] 0.10±0.10 (140) [0.06] 0.07±0.05 (69) [0.06]
Dry (Apr–Sep) 1850±950 (201) [1715] 0.08±0.12 (162) [0.04] 0.05±0.06 (94) [0.04]
Biomass burning
(Aug–Oct)

2670±1100 (106) [2535] 0.18±0.13 (77) [0.15] 0.09±0.07 (70) [0.08]
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Table 2. Extensive optical properties of free tropospheric aerosol layers for summer, autumn,
winter, spring, wet period, dry period, and biomass burning period. The values represent the
mean value and one standard deviation. The numbers in brackets are the median value. The
numbers in parenthesis are the number of free tropospheric aerosol layers averaged.

Season or
period

Bsc. coef.
355 nm (Mm−1 sr−1)

Bsc. coef.
532 nm (Mm−1 sr−1)

Bsc. coef.
1064 nm
(Mm−1 sr−1)

Ext. coef.
355 nm (Mm−1)

Ext. coef.
532 nm (Mm−1)

Summer 2.7±6.0 (62) [1.3] 1.0±1.0 (52) [0.6] 0.7±2.0 (62) [0.2] 118±142 (56) [67] 82±69 (18) [47]
Autumn 1.6±1.0 (109) [1.3] 1.0±0.8 (54) [0.8] 0.4±0.2 (111) [0.3] 97±65 (99) [77] 63±36 (39) [63]
Winter 1.8±1.3 (80) [1.5] 1.2±1.0 (44) [1.0] 0.5±0.4 (81) [0.4] 115±93 (78) [83] 80±55 (40) [64]
Spring 2.7±1.3 (71) [2.6] 1. 5±0.8 (71) [1.3] 0.6±0.4 (71) [0.6] 232±95 (69) [229] 118±51 (66) [113]
Wet 2.4±3.7 (149) [1.8] 1.2±0.9 (112) [1.0] 0.6±1.3 (149) [0.4] 147±118 (140) [125] 98±52 (69) [91]
Dry 1.8±1.3 (173) [1.5] 1.2±1.0 (109) [1.0] 0.5±0.4 (176) [0.4] 127±102 (162) [93] 87±58 (94) [73]
Biomass 2.6±1.2 (79) [2.5] 1.5±0.8 (74) [1.3] 0.7±0.4 (79) [0.6] 225±88 (77) [223] 117±47 (70) [113]
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Table 3. Intensive optical properties of free tropospheric aerosol layers for summer, autumn,
winter, spring, wet period, dry period and biomass burning period. The values represent the
mean value and one standard deviation. The numbers in brackets are the median value. The
numbers in parenthesis are the number of free tropospheric aerosol layers averaged.

Season or
period

Lidar ratio
355 nm(sr)

Lidar ratio
532 nm(sr)

Ångström exp.
b355/b532

Ångström exp.
b532/b1064

Ångström exp.
α355/α532

Summer 57±20 (56) [59] 39±18 (21) [31] 1.5±0.6 (52) [1.5] 1.7±0.5 (62) [1.7] 2.4±0.9 (17) [2.3]
Autumn 59±22 (99) [54] 58±26 (41) [53] 1.8±0.7 (98) [1.8] 1.3±0.6 (106) [1.2] 1.8±0.9 (39) [1.9]
Winter 65±23 (78) [64] 60±23 (40) [60] 1.5±0.7 (72) [1.3] 1.2±0.5 (78) [1.1] 1.8±0.6 (40) [1.8]
Spring 89±21 (69) [86] 82±25 (66) [81] 1.6±0.6 (71) [1.4] 1.2±0.3 (71) [1.2] 1.8±0.6 (59) [1.8]
Wet 67±26 (140) [66] 69±32 (72) [64] 1.6±0.6 (138) [1.5] 1.5±0.5 (149) [1.4] 2.0±0.8 (62) [2.0]
Dry 67±24 (162) [64] 63±24 (96) [61] 1.6±0.7 (155) [1.6] 1.2±0.5 (168) [1.1] 1.8±0.7 (93) [1.8]
Biomass 89±20 (77) [87] 83±23 (70) [81] 1.5±0.6 (79) [1.4] 1.2±0.3 (79) [1.2] 1.8±0.5 (64) [1.8]
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Figure 1. (a) Percentage of night-time analyzed measurements, scheduled shutdown and un-
analyzed measurements due to weather conditions (rain or clouds); (b) the percentage of mea-
surements in which free tropospheric aerosol layers were observed (green bars) and the total
number of the observed layers (red stars) per month; (c) monthly accumulated precipitation at
Elandsfontein.
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Figure 2. The hourly planetary boundary layer (a) and the difference between the bottom of the
first free tropospheric layer observed and the planetary boundary layer (b) observed between
30 January 2010 and 31 January 2011.

1375

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/1343/2015/acpd-15-1343-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/1343/2015/acpd-15-1343-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 1343–1384, 2015

One year of Raman
lidar observations of

free tropospheric
aerosol layers

E. Giannakaki et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 3. Geometrical boundaries of free tropospheric aerosol layers observed between 30
January 2010 and 31 January 2011.
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Figure 4. Geometrical characteristics and optical properties of free tropospheric aerosol layers
observed between 30 January 2010 and 31 January 2011. From top to bottom: the center
height of the layers observed (a), the geometrical depth of the layers observed (b), aerosol
optical depths at 355 (blue) and 532 (green) nm (c). The number of free tropospheric aerosol
layers averaged is also presented in the top of each figure.
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Figure 5. Columnar optical depth at ultraviolet (a) and visible (b) wavelengths. Open squares
corresponds to cimel daily mean values while filled circles corresponds to hourly night-time
lidar values.
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Figure 6. Variation of AOD at 355 nm (a) of the boundary layer (blue squares) and the free tro-
posphere (orange circles) and (b) the monthly free tropospheric contribution of AOD at 355 nm.
In (b) the squares represent the mean value, the horizontal line the median, the boxes the
25 and 75 % percentiles, the whiskers the standard deviation and the stars the maximum and
minimum values during the respective month.
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Figure 7. (a) Monthly variation of wind speed: the squares represent the mean value, the
horizontal line the median, the boxes the 25 and 75 % percentiles and the whiskers the one
standard deviation. (b) Number of hotspots over the region lat (40–20◦ S) and lon (20–40◦ E)
with medium (blue) and high (red) confidence level.
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Figure 8. Frequency distribution of center height of free-tropospheric aerosol layers in South
Africa between 30 January 2010 and 31 January 2011, for (a) summer, (b) autumn, (c) winter
and (d) spring. Box and whisker plots are also presented for each of the seasons: filled square
is the mean value, horizontal line is the median, boxes are the 25 and 75 % percentiles respec-
tively, whiskers represent the one standard deviation and stars the minimum and maximum
values.
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Figure 9. Intensive layer properties of the free tropospheric aerosol layers observed between
30 January 2010 and 31 January 2011. From top to bottom: (a) Ångström exponent related to
backscatter between 355 and 532 nm (grey), related to backscatter between 532 and 1064 nm
(orange) and related to extinction between 355 and 532 nm (black) and (b) Lidar ratio at 355
(blue) and 532 (green) nm.

1382

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/1343/2015/acpd-15-1343-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/1343/2015/acpd-15-1343-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 1343–1384, 2015

One year of Raman
lidar observations of

free tropospheric
aerosol layers

E. Giannakaki et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 10. Frequency distribution of lidar ratio at 355 nm of free tropospheric aerosol layers
in South Africa between 30 January 2010 and 31 January 2011, for (a) summer, (b) autumn,
(c) winter and (d) spring. Box and whisker plots are also presented for each of the seasons:
filled square is the mean value, horizontal line is the median, boxes are the 25 and 75 % per-
centiles respectively, whiskers represent the one standard deviation and stars the minimum and
maximum values.
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Figure 11. Frequency distribution of extinction related Ångström exponent between 355 and
532 nm of free tropospheric aerosol layers in South Africa between 30 January 2010 and 31
January 2011, for (a) summer, (b) autumn, (c) winter and (d) spring. Box and whisker plots
are also presented for each of the seasons: filled square is the mean value, horizontal line is
the median, boxes are the 25 and 75 % percentiles respectively, whiskers represent the one
standard deviation and stars the minimum and maximum values.
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