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Abstract

One year of multi-wavelength (3+2) Raman lidar measurements at Gual Pahari, close
to Delhi, were analysed. The data was split into four seasons: spring (March–May),
summer (June–August), autumn (September–November) and winter (December–
February). The vertical profiles of backscatter, extinction, and lidar ratio and their5

variability during each season are presented. The measurements revealed that, on av-
erage, the aerosol layer was at its highest in spring (5.5 km). In summer, the vertically
averaged (between 1–3 km) backscatter and extinction coefficients had the highest av-
erages (3.3 Mm−1 sr−1 and 142 Mm−1 at 532 nm, respectively). Aerosol concentrations
were slightly higher in summer compared with other seasons, and particles were larger10

in size. The autumn showed the highest lidar ratio and high extinction-related Ångström
exponents (AEext), indicating the presence of smaller probably absorbing particles. The
winter had the lowest backscatter and extinction coefficients, but AEext was the highest,
suggesting still a large amount of small particles.

1 Introduction15

The influences of atmospheric aerosols on climate, including their direct radiative ef-
fects and various indirect effects related to aerosol-cloud interactions, have large un-
certainties (e.g. Ramanathan et al., 2001; Lohmann and Feichter, 2005; Quaas et
al., 2008; Schwartz et al., 2010). The climatic effects of aerosol particles depend on
their chemical, physical and optical properties, along with their vertical distribution.20

Advanced lidar systems, which can determine the optical properties of aerosols in a
quantitative way and enable the estimation of the main microphysical properties, can
provide ground-truth information for the retrieval of aerosol products from space-borne
instruments.

In Southern Asia, only few measurements of aerosol vertical profiles have been car-25

ried out, and most of the available data is from short field campaigns. Countries in
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this area have an important role in the battle against pollution and climate change, as
they are exposed to substantial quantities of particulate air pollution (e.g. Lelieveld et
al., 2001; Nakajima et al., 2007; Ramanathan et al., 2007a). The largest and most
persistent of these pollution hazes, called the “brown cloud”, covers an area of about
10 million km2 over Southern Asia and concerns more than 50% of the world’s popula-5

tion. This particulate air pollution is assumed to originate from fossil fuel and biomass
burning. The polluted air is likely to have significant harmful effects on human health
and regional climate over Southern Asia (e.g. Pandey et al., 2005; Lau and Kim, 2006a;
Ramanathan et al., 2007b). The proposed “elevated heat pump” effect suggests that
atmospheric heating by absorbing aerosols (dust and black carbon), through water cy-10

cle feedbacks, may lead to a strengthening of the South Asia monsoon (Lau et al.,
2006b, 2008). Elevated aerosol layers, especially during the pre-monsoon season,
are likely to have larger radiative impacts when located above clouds (Satheesh et al.,
2008). Overall, it has been suggested that the atmospheric brown cloud in Asia con-
tributes to the regional lower-tropospheric warming as much as the recent increase of15

the anthropogenic greenhouse gases (Ramanathan et al., 2007b).
In a few measurement campaigns, aerosol vertical profiles have been determined

over the oceanic regions adjacent to India, such as the Arabian Sea, tropical Indian
Ocean and Bay of Bengal. The Indian Ocean Experiment (INDOEX) employed air-
craft aerosol profiling and measurements of aerosol profiles from island-based and20

ship-borne lidars (Müller et al., 2001a, b; Welton et al., 2002; Pelon et al., 2002). Ver-
tical distribution of aerosol particles over the continental India have been measured
in few studies only, including those carried out over the south central India (Moor-
thy et al., 2004; Gadhavi and Jayaraman, 2006). Long-term measurements are even
sparser, even though continuous measurements of aerosol vertical distribution have25

been made at Visakhapatnam and Kharagpur (Niranjan et al., 2006, 2007a, b). De-
vara et al. (2008) used a mobile lidar in Pune, India, whereas Badarinath et al. (2009)
measured backscatter coefficient profiles (532 nm) for different conditions at Hyder-
abad in October 2007. Ganguly et al. (2006a) investigated physical and optical aerosol
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properties over Ahmedabad for the time period of many years, providing seasonal-
average data for the pre-monsoon (April–May), monsoon (June–September), post-
monsoon (October–November) and dry seasons (December–February). For the mea-
surement of aerosol optical properties, they used a sun photometer, aethalometer,
nephelometer and a lidar.5

A network of seven portable micro pulse lidar systems was recently established
(Hegde et al., 2009). None of these instruments is close to the megacity of New Delhi.
To our knowledge, however, no other such campaigns have been carried in this region.
In the current paper, we will present an overview of a one-year-long measurement cam-
paign on aerosol vertical profiles close to New Delhi. The measurements are based10

on a multi-wavelength Raman lidar which, among other things, provides information
on the vertical distribution of aerosol absorption not measured before in this region.
The central aims of this work are to estimate the seasonal variation of vertical aerosol
properties and to give some information on aerosol sources. This paper provides also
a useful data set for further use in model applications and satellite validation.15

2 Methods

2.1 Site description

We established a one-year-long campaign of Raman lidar measurements to investigate
aerosol vertical profiles in Gual Pahari (28◦26′ N, 77◦09′ E, 243 m a.s.l.), India (Fig. 1).
The station is located about 20 km south of New Delhi, representing a semi-urban20

environment surrounded mainly by agricultural test fields and light vegetation. The
station is located in an area where only electric-powered vehicles are allowed. There
are no major local pollution sources, except the road between Gurgaon and Faridabad
about 0.5 km to the south-west of the station. Anthropogenic sources in the region
include traffic, city emissions and power production (Reddy and Venkataraman, 2002a,25

b). The lidar measurements were conducted between March 2008 and March 2009.
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The measurements belong to the frame of the EUCAARI (European Integrated project
on Aerosol Cloud Climate and Air Quality interactions) project (Kulmala et al., 2009).

The station had also a comprehensive set of ground-level aerosol measurements
(Hyvärinen et al., 2010). These measurements included Twin-Differential Mobility Par-
ticle Sizer (DMPS, particle number size distribution over the diameter range 4–850 nm,5

total particle number concentration), Aerosol Particle Sizer (APS, particle number
size distribution over the diameter range 0.5–10 µm), Multiangle Absorption Photome-
ter (MAAP, aerosol black carbon concentration, absorption coefficient at 670 nm) and
Nephelometer (aerosol scattering coefficient at 520 nm). In addition, the measurement
setup included, partly overlapping the lidar measurement period, a Cimel sun pho-10

tometer for columnar aerosol optical depth (AOD) measurements and the Partisol filter
sampler for measurements of aerosol mass, EC/OC fraction and inorganic chemistry.

Moreover, ambient temperature, relative humidity, rain intensity, wind direction and
wind speed were measured. The average temperatures were at their highest during
the summer (28.1 ◦), but the maximum temperature was found during the spring season15

(42.5 ◦). This was due to much higher diurnal temperature gradient during the spring.
During the winter, the coldest nights reached zero degrees Celsius. (Hyvärinen et al.,
2010).

The trajectory analysis for the 950-hPa level showed a mixed air mass patterns dur-
ing spring, having contributions from a wide western sector between NW and SW20

(i.e. Arabian Sea). During the summer, the main contribution was from the W-SW
sector with a small fraction of air masses coming from the E-SE sector. The autumn
and winter had similar air mass patterns, mainly from the NW sector. The autumn had
a small contribution from the E-SE sector. Overall, the sectors from N to NE and from
SE to SW contributed very little to the incoming air masses. This illustrates that air25

transported over the central New Delhi does not seem to play an important overall role
at the station. (Hyvärinen et al., 2010).

31128

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 31123–31151, 2010

One year of
Raman-lidar

measurements

M. Komppula 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
|

2.2 The lidar instrument

The measurements were conducted with a seven-channel Raman lidar called
“POLLYXT–POrtabLe Lidar sYstem eXTended” (Althausen et al., 2009). The lidar sys-
tem is completely remotely controlled, and all the measurements and data transfer
are performed automatically. The instrument is equipped with an uninterruptible power5

supply (UPS) and an air conditioning system (A/C) to allow for safe and smooth con-
tinuous measurements. A rain sensor is connected to the roof cover in order to assure
a proper shutdown of the instrument during the rain. When the sensor detects a rain,
a signal is sent to the data acquisition software which in turn shuts down the laser and
ends the measurement. In addition to these, the system is equipped with airplane radar10

that shuts down the laser in case an airplane is detected. The radar is constructed by
following the main guidelines presented by Duck et al. (2005).

The type of the laser used is Inlite III from Continuum. It emits energy simulta-
neously approximately 180 mJ, 110 mJ, and 60 mJ at 1064 nm, 532 nm, and 355 nm,
respectively. The emitted radiation is linearly polarized at 355 nm. A beam expander15

is used to enlarge the beam from approximately 6 mm to about 45 mm before it en-
ters the atmosphere. The backscattered signal is collected by a Newtonian telescope
which has a main mirror with a diameter of 300 mm and a focal length of 900 mm. The
receiver’s field of view is 1 mrad.

The output of the instrument includes vertical profiles of the particle backscatter-20

ing coefficient at three wavelengths (355, 532 and 1064 nm) and of the particle ex-
tinction coefficient at two wavelengths (355 and 532 nm). The extinction coefficient is
retrieved with the Raman method by using the in-elastic backscattering from the nitro-
gen molecules (at 387 nm and 607 nm). The vertically-integrated extinction coefficient
gives the AOD. In addition, such size/composition-dependent, intensive particle quanti-25

ties as the extinction-to-backscatter ratio, commonly known as lidar ratio, the Ångström
exponents (AE) for backscatter and extinction and depolarisation can be determined.
The lidar ratio gives indication of particle properties and origin by giving the ratio of the

31129

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 31123–31151, 2010

One year of
Raman-lidar

measurements

M. Komppula 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
|

extinction and backscatter coefficients. When having the lidar ratio at two wavelengths,
some indication of particle size is retrieved. Also the Ångström exponent provides in-
formation on the particle size. It is defined between two wavelengths and calculated
with a formula: AE=−log(Iλ1,h/Iλ2,h)/log(λ1/λ2), where λ1 and λ2 are the wavelengths,
Iλi,h is the backscatter or extinction coefficient on wavelength λi at certain height h. The5

depolarisation channel (355 nm) of the lidar enables us to separate spherical particles
from non-spherical and hence ice-containing clouds from water clouds.

Finally, the height and the evolution of the boundary layer top and night-time residual
layer can be defined from the lidar data, along with the height and thickness of different
cloud and aerosol layers. The vertical resolution of the system is 30 m. Depending on10

the cloudiness, the whole troposphere can be monitored.

2.3 Data evaluation

The lidar measurements were carried out continuously. During the one-year-long mea-
surement period, PollyXT was measuring on 183 days for almost 2500 h in total. From
these measurements, we calculated close to 500 one-hour average profiles. Our aim15

was to calculate an averaged profile over every three hours. However, this requirement
was limited by rain, low level clouds/fog and technical issues. In addition, during some
of the nights the aerosol layer was too thin and close to the surface to be detected
reliably. Only cases without low clouds are considered in this analysis.

The data were split into four seasons: spring (March–May), summer (June–August),20

autumn (September–November) and winter (December–February). Also values for
the official rainy season (16 June–19 September) were calculated, but they were left
out from the results section as they did not differ from the values presented here for
summer due to almost the same time interval. Figure 2 shows an example of a six-
hour-long time series of lidar measurements at the 1064 nm wavelength. A complex25

aerosol structure can be seen, with multiple aerosol layers up to 4 km, some high-level
clouds at 8–11 km, and also some waves near the ground.
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Due to technical problems with the laser, the data coverage from September to Jan-
uary is sparse. Measurements could not be done in October 2008 and January 2009,
and in September and November–December only a few usable profiles were mea-
sured.

Each backscatter profile was determined using the method by Althausen et5

al. (2009). The radiosonde data supplied by the Department of Atmospheric Science
at University of Wyoming were used to account for the molecular backscattering. In
case of night-time measurements, also extinction and lidar ratio profiles were deter-
mined. Seasonal backscatter, extinction and lidar ratio profiles were averaged from
the one-hour profiles. The automatically retrived backscatter plots are available at10

http://polly.tropos.de/lidar/. The averaged one-hour profiles for backscatter and extinc-
tion profiles are available at EUCAARI database. The more detailed data requests can
be addressed to the authors.

3 Results and discussion

3.1 Aerosol backscattering15

The aerosol backscatter coefficients at 355 nm, 532 nm and 1064 nm wavelengths are
presented in Fig. 3. The profiles showed a clear seasonal variation. The summer had
the largest average backscatter coefficient averaged between the 1 and 3-km height,
while the winter had the lowest one (Table 2). The seasonal-average value for summer
at 355 nm was 5.0 Mm−1 sr−1, the profile reaching maximum values of 8 Mm−1 sr−1 at20

around the 1-km height.
The seasonal profiles of backscattering coefficients had distinctly different shapes.

In summer, the values of these coefficients had the steepest decrease from 1 to 3 km.
The autumn, and especially the winter, had a relatively shallow aerosol layer that
touched the ground. The value of the backscatter coefficient was highest near the25

ground and then moderate decreased with an increasing altitude. The ground-based
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measurements at the site show higher particle mass concentrations in winter, which is
in line with the lidar results (Hyvärinen et al., 2010).

Badarinath et al. (2009) reported backscatter coefficients at 532 nm for a normal
day and for a day with a high aerosol loading at Hyderabad in October 2007. For the
normal day the backscattering coefficient was 6 Mm−1 sr−1 near the surface, while for5

the polluted day it was as high as 13 Mm−1 sr−1. The normal-day value is bit higher of
what one can assume from our measurements as mean of that season close to surface.
The polluted case fits well in the values observed in Gual Pahari, as the maximum
values for different seasons observed at 532 nm were around 15–25 Mm−1 sr−1.

The average thickness of the aerosol layer showed a clear seasonal behaviour as10

well (Fig. 3; Table 2). The aerosol layer thickness (“the top of the layer”) was determined
at the point where backscatter coefficient values get below 0.1 Mm−1 sr−1. On average,
the highest aerosol layers were observed in the spring (5500 m) and lowest ones in the
winter (4310 m). The structure of the vertical distribution was often multi-layered and
reached up to few kilometres. A number of studies (e.g. Ansmann et al., 2000; Müller15

et al., 2001a, b; Welton et al., 2002; Franke et al., 2003; Niranjan et al., 2006, 2007b;
Pelon et al., 2002; Satheesh et al., 2009) have reported that aerosol plumes in India
can rise up to the height of 3–5 km. Some of these studies note also the multi-layered
aerosol structure. Our seasonal averages confirm these results. Throughout the year,
the aerosol layers rose up close to 5 km or even higher, as can be seen from Table 2.20

Niranjan et al. (2006) reported measurements on thick surface aerosol layers (up to
1.5–2 km) in December 2004 over Kharagpur, India. This behaviour is also observed
in our winter season data.

3.2 Aerosol extinction

The aerosol extinction coefficients at 355 nm and 532 nm were determined for dark25

hours only (with the Raman method). The main seasonal variation of these coeffi-
cients followed similar patterns as those of the backscatter cofficients (Figs. 3 and 4).
The summer had the highest extinction coefficients, and the autumn and winter had
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the lowest ones (Table 2). The seasonal-average value of the extinction coefficient at
355 nm between 1 and 3 km was 174 Mm−1 during the summer, the profile reaching
values of 300 Mm−1 sr−1 at maximum (Fig. 4). The summer had a more moderate de-
crease of the extinction coefficient with altitude than the other seasons. The winter
had a relatively shallow, optically thick aerosol layer touching the ground, with a high5

extinction coefficient near the ground and then a relatively steep decrease in its value
with an increasing altitude. The low and thick aerosol layer is supported by the ground-
based measurements, showing the highest BC concentrations in winter (Hyvärinen et
al., 2010).

Ganguly et al. (2006a) studied the variability of physical and optical aerosol prop-10

erties over Ahmedabad for several years. They calculated seasonal averages for
the pre-monsoon (April–May), monsoon (June–September), post-monsoon (October–
November), and dry seasons (December–February). Although these seasons are not
exactly the same as our spring, summer, autumn and winter, they are close enough for
a rough comparison. The overall behaviour of the seasonal variation was found to be15

comparable between the study of Ganguly et al. (2006a) and that of ours. When com-
paring the spring and pre-monsoon extinction profiles at 532 nm, our profile (Fig. 4) is
a bit steeper. The summer (monsoon), autumn (post-moon) and winter (dry season)
profiles agree quite well, as do the range of the extinction values.

Ganguly et al. (2006a, b) observed further that in the dry (December–February) and20

post-monsoon (October–November) seasons, the profiles were characterized by high
values of extinction coefficients within the first few hundred meters from the surface
followed by sharp decreases in these values with an increasing altitude. This is well
in line with our winter extinction profile in Fig. 4. Such a behavior in the winter, and
partly in the autumn, is explained mainly by the meteorological situation. In winter, the25

surface-based inversion layer is at low altitudes and has a weaker development of the
boundary layer compared to other seasons.

Welton et al. (2002) measured polluted air masses on a ship at Indian Ocean and
retrieved extinction values of up to 2000 Mm−1. The maximum extinction coefficients
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observed in our measurements in Gual Pahari were of the same order, being 1500–
2000 Mm−1. Franke et al. (2003) conducted measurements over Maldives in February
1999 and March 2000. They observed extinction coefficient at 532 nm that ranged
typically between 25 and 175 Mm−1 in elevated pollution layers originating from the
Indian continent. This is in the range of our observations.5

3.3 Lidar ratio

The lidar ratio, i.e. the ratio between extinction and backscatter coefficients, can be
presented at 355 nm and 532 nm. The lidar ratio gives the possibility to estimate the
properties and origin of the measured aerosol particles. The ratio was calculated for
all the pairs of backscatter and extinction profiles available. Due to the only-night-time10

extinction profiles, these results are presented for the dark hours only.
The seasonal averages of the lidar ratios at 355 nm varied from 45 sr in the spring

to 77 sr in the autumn, and the corresponding variability at 532 nm was from 36 to
60 sr (Table 2; Fig. 5). The lidar ratios at 532 nm were below 40 sr in the spring and
winter, indicating the presence of a cleaner air mass with relatively more aged aerosols15

as during the other seasons. In the winter though, the aerosol layer was thin and
strong near ground, as seen in the extinction profiles. During the summer and autumn,
the average lidar ratios were larger than 50 sr, suggesting the presence/dominance of
absorbing aerosols from biomass burning. This is supported by the larger AE values
in the summer (Sect. 3.4).20

Müller et al. (2001a, b) reported lidar ratios (532 nm) for different aerosol types mea-
sured at Maldives. Well-aged polluted air had lidar ratios of 40–45 sr, while fresher
anthropogenic pollution had lidar ratios of 60 sr and 45–75 sr. Clean continental air
were detected with a lidar ratio of 45 sr, and clean marine/continental air were linked
with lidar ratios of 20–30 sr and 35–55 sr. Welton et al. (2002) made also lidar mea-25

surement at Maldives. They measured lidar radios of 33±6 sr for a clean marine air,
whereas polluted marine air had lidar ratios well above 40 sr. In addition, Pelon et
al. (2002) measured lidar ratios of 67, 71, and 83 sr for pollution plumes originating
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from India. Franke et al. (2003) analysed pollution plumes originating from India. They
found lidar ratios of 50–80 sr for highly-absorbing particles coming from northern India.
Our seasonally-averaged lidar ratio values between 36 and 60 sr at 532 nm are in good
agreement with previous measurements (Table 2).

3.4 Ångström exponents5

The Ångström exponents (AE) were calculated from the backscatter for three
wavelength combinations (355–532 nm, 532–1064 nm and 355–1064 nm) (Table 2;
AEbsc355−1064 shown in Fig. 6), as well as from the extinction (355–532 nm) (Fig. 7).
AEext refers to particle size: the larger the exponent, the smaller particles and vice
versa. AEbsc, if used next to the complex refractive index, depends also on particle10

size. The AE values for the autumn give only some hint of the real value due to the
low amount of data points. Overall, the scattering AE (AEbsc) showed higher values
during the summer (AEbsc355−1064=1.39) and lower values in the spring and winter
(AEbsc355−1064=0.87 and 0.92) (Table 2; Fig. 6). The autumn values for AEbsc355−1064
were in between these values.15

The extinction related AEext355−532 was found to be the highest in the winter (1.43)
and autumn, and the lowest in the summer (0.71) (Table 2; Fig. 7). This suggests that
aerosol particles were larger in size in the summer and smaller in the winter/autumn.
This makes sense, since there is more biomass burning for heating and cooking in the
winter to produce smaller absorbing aerosols, and is also in line with the AE results20

by Ganguly et al. (2006a, b) who also observed dominance of smaller particles during
the winter and autumn months. Hyvärinen et al. (2010) reported a decrease in smaller
size fractions during the summer (rainy season), which is in agreement of the low AEext
value in our summer data.

Dey and Di Girolamo (2010) made an extensive climatology of aerosol properties25

over India from Multiangle Imaging Spectroradiometer (MISR) data. Their averaged
AE values for the winter (1.13±0.09) and pre-monsoon season (1.00±0.13) in Cen-
tral India are slightly lower than our AEext355−532 values of 1.43 and 1.14, respectively.
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For the summer (monsoon, 1.08±0.11), our AEext355−532 value of 0.71 is slightly
lower. The autumn (post-monsoon) values have large uncertainties, but are a fairly
good agreement between our study (1.31) and that by Dey and Di Girolamo (2010)
(1.21±0.09). Our AE values are also in the same range than those presented by
Niranjan et al. (2007a, b) and Franke et al. (2003).5

Singh et al. (2010) reported the yearly variation of AEext in Delhi to be between 0.38
and 0.96. These values are bit smaller than our seasonal averages (0.71–1.43). They
also reported the annual AEext average of 0.68±0.35 in Delhi during 2006. This value
is also slightly smaller than our annual-average value of 1.05.

3.5 Annual averages10

The annual-average profiles for backscatter (bsc), extinction (ext), lidar ratio and AE
values are presented in Fig. 8. The values are averages for the whole measurement
period, excluding March 2009. The bsc355 reached values of up to 7 Mm−1 sr−1 and
ext355 reached values of up to 300 Mm−1. The annual-average of lidar ratio was 50 sr
at 355 nm is and 42 sr at 532 nm. The AEbsc had an annual average in the range of15

0.95–1.11, depending slightly on the wavelength combination. AEext had an annual
average value of 1.05.

4 Summary and conclusions

One year of multi-wavelength Raman lidar measurements were analysed. The data
were split into four seasons, and the seasonal averages were presented for spring20

(March–May), summer (June–August), autumn (September–November) and winter
(December–February). A summary of seasonal parameters and statistics can be found
in Table 2. The autumn had only a few data profiles, and especially the AEs must be
interpreted carefully.
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Overall, our results are in agreement with most of the measurements made in In-
dia and southern Asia. The summer showed the highest values of backscatter and
extinction coefficients, when averaged over the 1–3 km height. In the summer, mea-
sured air masses were slightly more polluted and particles were a bit larger than in
other seasons. It has to be remembered that the lidar is not measuring during rain,5

summer being the rainy season. The lidar ratios had their highest values in the autumn
and summer, which refers to more absorbing particles. The backscatter-related AE
values reached their highest values in the summer and autumn. The extinction-related
AE values reached their highest values in the autumn and winter, indicating that the
particles were smaller. The combination of autumn showing the highest lidar ratio and10

high AEext refers to smaller probably absorbing particles. The winter had the lowest
backscatter and extinction coefficients, but the highest AEext, suggesting still a large
amount of small particles. The aerosol layer thickness followed mainly the seasonal
pattern of the temperature. The highest values were observed in spring when the heat-
ing of ground, and thus convective mixing, was at its strongest. The lowest values in15

the winter can also be explained by the meteorology.
Our future tasks will include the evaluation of diurnal differences. Different aerosol

sources will analysed in more detail. Microphysical particle properties will be derived
with the method presented by Müller et al. (2001c) and Müller et al. (1999). The specific
inversion routines can provide values for the particle surface area, volume, effective20

radius, refractive index and single scattering albedo. The Aerosol optical thickness
(AOD) values obtained from the lidar will be compared to sun photometer and satellite
results. Comparison of our lidar profiles to CALIPSO overpasses will also be one of
the future tasks.
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Table 1. The amount of one-hour backscatter and extinction profiles for each month from March
2008 to March 2009.

Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Tot

bsc 31 47 37 56 61 41 12 − 6 6 − 66 103 466
ext 21 21 20 17 22 27 6 − 5 5 − 45 55 244

31142

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 31123–31151, 2010

One year of
Raman-lidar

measurements

M. Komppula 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
|

Table 2. Summary of the seasonal particle properties at Gual Pahari. Given values for
backscatter, extinction, lidar ratio and Ångström exponents are mean values of the season
at 1–3 km altitude and 10 and 90 percentiles at the same height.

Spring
(March–May)

Summer
(June–
August)

Autumn
(September–
November)

Winter
(December–
February)

Annual

bsc355

(Mm−1 sr−1)
3.1
(0.8/5.8)

5.0
(0.8/9.9)

2.9
(0.1/5.9)

1.7
(0.1/3.9)

3.6
(0.5/8.0)

bsc532

(Mm−1 sr−1)
2.1
(0.5/4.3)

3.3
(0.5/7.1)

1.2
(0.0/2.3)

1.2
(0.1/2.9)

2.4
(0.3/5.6)

bsc1064

(Mm−1 sr−1)
1.3
(0.3/2.7)

1.4
(0.1/3.3)

0.8
(0.0/1.6)

0.7
(0.0/1.7)

1.2
(0.1/2.9)

ext355

(Mm−1)
133
(43/245)

174
(27/351)

80
(28/133)

122
(24/212)

154
(42/310)

ext532

(Mm−1)
94
(22/195)

142
(14/321)

68
(19/134)

76
(0/149)

123
(24/283)

LR355 (sr) 45
(27/61)

57
(28/92)

77
(51/103)

46
(22/67)

50
(28/77)

LR532 (sr) 36
(16/55)

53
(23/87)

60
(28/93)

37
(14/57)

42
(18/68)

AEbsc355/532 0.92
(0.24/1.65)

1.02
(0.08/2.05)

0.99
(0.02/1.79)

0.83
(0.01/1.91)

0.95
(0.07/1.94)

AEbsc532/1064 0.85
(0.14/1.77)

1.42
(0.48/2.35)

1.03
(0.05/2.01)

0.85
(0.14/1.53)

1.11
(0.21/2.18)

AEbsc355/1064 0.87
(0.43/1.58)

1.39
(0.61/2.24)

1.12
(0.37/2.16)

0.92
(0.32/1.58)

1.11
(0.46/1.99)

AEext355/532 1.14
(0.11/2.12)

0.71
(0.01/1.63)

1.31
(0.31/2.30)

1.43
(0.43/2.19)

1.05
(0.01/2.13)

Layer thicknessa

(m)
5500
(3150/6100)

4560
(2370/4960)

4860
(1300/5220)

4310
(1560/4740)

4960
(2120/5500)

a The layer thickness (the layer top) is determined at the point where bsc values get below 0.1 Mm−1 sr−1.
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 4 

 
 
Figure 1. Location of the Gual Pahari measurement station. 
 
 
2.2  The lidar instrument 
 
The measurements were conducted with a seven-channel Raman lidar called ”POLLYXT–
POrtabLe Lidar sYstem eXTended” (Althausen et al., 2009). The lidar system is 
completely remotely controlled, and all the measurements and data transfer are performed 
automatically. The instrument is equipped with an uninterruptible power supply (UPS) 
and an air conditioning system (A/C) to allow for safe and smooth continuous 
measurements. A rain sensor is connected to the roof cover in order to assure a proper 
shutdown of the instrument during the rain. When the sensor detects a rain, a signal is 
sent to the data acquisition software which in turn shuts down the laser and ends the 
measurement. In addition to these, the system is equipped with airplane radar that shuts 
down the laser in case an airplane is detected. The radar is constructed by following the 
main guidelines presented by Duck et al. (2005). 
  
The type of the laser used is Inlite III from Continuum. It emits energy simultaneously 
approximately 180 mJ, 110 mJ, and 60 mJ at 1064 nm, 532 nm, and 355 nm, 
respectively. The emitted radiation is linearly polarized at 355 nm. A beam expander is 
used to enlarge the beam from approximately 6 mm to about 45 mm before it enters the 
atmosphere. The backscattered signal is collected by a Newtonian telescope which has a 
main mirror with a diameter of 300 mm and a focal length of 900 mm. The receiver’ s 
field of view is 1 mrad.   

Fig. 1. Location of the Gual Pahari measurement station.

31144

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 31123–31151, 2010

One year of
Raman-lidar

measurements

M. Komppula 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
|

 6 

 
Figure 2. An example backscatter time series at 1064 nm wavelength in Gual Pahari on 
June 4, 2008.   
 
 
Due to technical problems with the laser, the data coverage from September to January is 
sparse. Measurements could not be done in October 2008 and January 2009, and in 
September and November-December only a few usable profiles were measured.  

 
 

Table 1. The amount of one-hour backscatter and extinction profiles for each month from 
March 2008 to March 2009. 

 Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Tot 
bsc 31 47 37 56 61 41 12 - 6 6 - 66 103 466 
ext 21 21 20 17 22 27 6 - 5 5 - 45 55 244 

 
 

Each backscatter profile was determined using the method by Althausen et al. (2009). 
The radiosonde data supplied by the Department of Atmospheric Science at University of 
Wyoming were used to account for the molecular backscattering.  In case of night-time 
measurements, also extinction and lidar ratio profiles were determined. Seasonal 
backscatter, extinction and lidar ratio profiles were averaged from the one-hour profiles. 
The automatically retrived backscatter plots are available at http://polly.tropos.de/lidar/. 
The averaged one-hour profiles for backscatter and extinction profiles are available at 
EUCAARI database. The more detailed data requests can be addressed to the authors.  

 
 

3. Results and Discussion  
 
3.1  Aerosol backscattering 
 
The aerosol backscatter coefficients at 355 nm, 532 nm and 1064 nm wavelengths are 
presented in Figure 3. The profiles showed a clear seasonal variation. The summer had 
the largest average backscatter coefficient averaged between the 1 and 3-km height, while 

Fig. 2. An example backscatter time series at 1064 nm wavelength in Gual Pahari on
4 June 2008.

31145

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 31123–31151, 2010

One year of
Raman-lidar

measurements

M. Komppula 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
|

 7 

the winter had the lowest one (Table 2). The seasonal-average value for summer at 355 
nm was 5.0 Mm-1sr-1, the profile reaching maximum values of 8 Mm-1sr-1 at around the 1-
km height. 
 
The seasonal profiles of backscattering coefficients had distinctly different shapes. In 
summer, the values of these coefficients had the steepest decrease from 1 to 3 km. The 
autumn, and especially the winter, had a relatively shallow aerosol layer that touched the 
ground. The value of the backscatter coefficient was highest near the ground and then 
moderate decreased with an increasing altitude. The ground-based measurements at the 
site show higher particle mass concentrations in winter, which is in line with the lidar 
results (Hyvärinen et al., 2010). 

 

 
Figure 3. Seasonal averaged backscatter profiles at three wavelengths with standard 
deviations for the Gual Pahari site. The value in the plot title indicates the number of 
profiles used in calculations for each season. 
 
 

Fig. 3. Seasonal averaged backscatter profiles at three wavelengths with standard deviations
for the Gual Pahari site. The value in the plot title indicates the number of profiles used in
calculations for each season.
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 9 

 
Figure 4. Seasonal averaged extinction profiles at two wavelengths with standard 
deviations for the Gual Pahari site. The value in the plot title indicates the number of 
profiles used in calculations for each season. 
 
 
Ganguly et al. (2006a) studied the variability of physical and optical aerosol properties 
over Ahmedabad for several years. They calculated seasonal averages for the pre-
monsoon (April-May), monsoon (June-September), post-monsoon (October-November), 
and dry seasons (December-February). Although these seasons are not exactly the same 
as our spring, summer, autumn and winter, they are close enough for a rough comparison. 
The overall behaviour of the seasonal variation was found to be comparable between the 
study of Ganguly et al. (2006a) and that of ours. When comparing the spring and pre-
monsoon extinction profiles at 532 nm, our profile (Figure 4) is a bit steeper. The 
summer (monsoon), autumn (post-moon) and winter (dry season) profiles agree quite 
well, as do the range of the extinction values.  
 
Ganguly et al. (2006a,b) observed further that in the dry (Dec-Feb) and post-monsoon 
(Oct-Nov) seasons, the profiles were characterized by high values of extinction 

Fig. 4. Seasonal averaged extinction profiles at two wavelengths with standard deviations
for the Gual Pahari site. The value in the plot title indicates the number of profiles used in
calculations for each season.
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 11

 
Figure 5. Seasonal averaged lidar ratio profiles for 355nm (blue) and 532 nm (green) with 
standard deviations. The value in the plot title indicates the number of profiles used in 
calculations for each season.  
 
 
Müller et al., (2001a; 2001b) reported lidar ratios (532 nm) for different aerosol types 
measured at Maldives. Well-aged polluted air had lidar ratios of 40-45 sr, while fresher 
anthropogenic pollution had lidar ratios of 60 sr and 45-75 sr. Clean continental air were 
detected with a lidar ratio of 45 sr, and clean marine/continental air were linked with lidar 
ratios of 20-30 sr and 35-55 sr. Welton et al. (2002) made also lidar measurement at 
Maldives. They measured lidar radios of 33±6 sr for a clean marine air, whereas polluted 
marine air had lidar ratios well above 40 sr. In addition, Pelon et al., (2002) measured 
lidar ratios of 67, 71, and 83 sr for pollution plumes originating from India. Franke et al. 
(2003) analysed pollution plumes originating from India. They found lidar ratios of 50-80 
sr for highly-absorbing particles coming from northern India. Our seasonally-averaged 
lidar ratio values between 36 and 60 sr at 532 nm are in good agreement with previous 
measurements (Table 2).  
 

Fig. 5. Seasonal averaged lidar ratio profiles for 355 nm (blue) and 532 nm (green) with stan-
dard deviations. The value in the plot title indicates the number of profiles used in calculations
for each season.
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3.4  Ångström exponents 
 
The Ångström exponents (AE) were calculated from the backscatter for three wavelength 
combinations (355-532 nm, 532-1064 nm and 355-1064 nm) (Table 2; AEbsc 355-1064 
shown in Figure 6), as well as from the extinction (355-532 nm) (Figure 7). AEext refers 
to particle size: the larger the exponent, the smaller particles and vice versa. AEbsc, if used 
next to the complex refractive index, depends also on particle size. The AE values for the 
autumn give only some hint of the real value due to the low amount of data points. 
Overall, the scattering AE (AEbsc) showed higher values during the summer (AEbsc 355-

1064=1.39) and lower values in the spring and winter (AEbsc 355-1064=0.87 & 0.92) (Table 2; 
Figure 6). The autumn values for AEbsc 355-1064 were in between these values.  
 

 
 

Figure 6. Seasonal averaged Ångström exponent for backscatter (AEbsc 355-1064) with 
standard deviations. The value in the legend indicates the number of profiles used in 
calculations.  
 
 
The extinction related AEext 355-532 was found to be the highest in the winter (1.43) and 
autumn, and the lowest in the summer (0.71) (Table 2; Figure 7). This suggests that 
aerosol particles were larger in size in the summer and smaller in the winter/autumn. This 
makes sense, since there is more biomass burning for heating and cooking in the winter to 
produce smaller absorbing aerosols, and is also in line with the AE results by Ganguly et 
al., (2006a,b) who also observed dominance of smaller particles during the winter and 
autumn months. Hyvärinen et al. (2010) reported a decrease in smaller size fractions 

Fig. 6. Seasonal averaged Ångström exponent for backscatter (AEbsc355−1064) with standard
deviations. The value in the legend indicates the number of profiles used in calculations.
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 13

during the summer (rainy season), which is in agreement of the low AEext value in our 
summer data.  
 

 
 

Figure 7. Seasonal averaged Ångström exponent for extinction (AEext 355-532) with 
standard deviations. The value in the legend indicates the number of profiles used in 
calculations.  
 
 
Dey and Di Girolamo (2010) made an extensive climatology of aerosol properties over 
India from Multiangle Imaging Spectroradiometer (MISR) data. Their averaged AE 
values for the winter (1.13±0.09) and pre-monsoon season (1.00±0.13) in Central India 
are slightly lower than our AEext355-532 values of 1.43 and 1.14, respectively. For the 
summer (monsoon, 1.08±0.11), our AEext355-532 value of 0.71 is slightly lower. The 
autumn (post-monsoon) values have large uncertainties, but are a fairly good agreement 
between our study (1.31) and that by Dey and Di Girolamo (2010) (1.21±0.09). Our AE 
values are also in the same range than those presented by Niranjan et al. (2007a, b) and 
Franke et al. (2003).  
 
Singh et al. (2010) reported the yearly variation of AEext in Delhi to be between 0.38 and 
0.96. These values are bit smaller than our seasonal averages (0.71-1.43). They also 
reported the annual AEext average of 0.68±0.35 in Delhi during 2006. This value is also 
slightly smaller than our annual-average value of 1.05.  
 
3.5 Annual averages 
 

Fig. 7. Seasonal averaged Ångström exponent for extinction (AEext355−532) with standard devi-
ations. The value in the legend indicates the number of profiles used in calculations.
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Fig. 8. Averages over the one-year measurement period for backscatter, extinction, lidar ratio
and Ångström exponents with standard deviations.

31151

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/31123/2010/acpd-10-31123-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

