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A backscattering light detection and ranging (lidar) system, the first of this kind

in the country, has been set up in a suburban area in the city of São Paulo, Brazil

(23u339 S, 46u449 W) to provide the vertical profile of the aerosol backscatter and

extinction coefficients at 532 nm and up to 4–5 km height above sea level (asl).

The measurements have been carried out during the second half of the so-called

Brazilian dry season, September and October in the year of 2001. When possible,

the lidar measurements were complemented with aerosol optical thickness

measurements obtained by a CIMEL Sun-tracking photometer in the visible

spectral region, not only to validate the lidar data, but also to provide an input

value of the so-called extinction-to-backscatter ratio (lidar ratio). The lidar data

were also used to retrieve the Planetary Boundary Layer (PBL) height and low

troposphere structural features over the city of São Paulo. Three-dimensional air

mass back trajectory analysis was also conducted to determine the source regions

of aerosols observed during this study. These first lidar measurements over the

city of São Paulo during the second half of the dry season showed a significant

variability of the aerosol optical thickness (AOT) in the lower troposphere (0.5–

5 km) at 532 nm. It was also found that the aerosol load is maximized in the

1–3 km height region and this load represents about 20–25% of the lower

tropospheric aerosol.

1. Introduction

Air pollution in mega cities is one of the most important problems of our era. The

city of São Paulo is in the rank of the five largest metropolitan areas of the world, as
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well as one of the most populated areas having about 17 million inhabitants.

Therefore, in all these mega-cities the human activities have an enormous impact on

the local atmosphere, as well as on their population health (Saldiva et al. 1995,

Macchione et al. 1999). Concerning the atmospheric quality, we highlight the

suspended aerosol particles as a subject of continuous interest (Pandis et al. 1995)

due to the ongoing expansion of the metropolitan area, which carries more than

3000 industries. Among them the main aerosol sources include heavy industries,

such as iron- and steelworks, refineries, chemical manufacturing, cement, sulphuric

acid, petrochemical plants, and the automotive fleet, the latter exceeding already

5 million vehicles.

Regarding its topography the city is located in a plateau at about 800 m above sea

level (asl) and is surrounded by hills of about 1200 m high. During the summer

season the precipitation increases and many cold fronts generate meteorological

instabilities, which indeed favour the pollution dispersion. These periods can extend

over the autumn months of May and June; later on when the wintertime begins, a

high-pressure semi-static regime over the São Paulo area is generally observed. This

event becomes highly favourable to pollutants accumulation, especially during

episodes of intense temperature inversions, occurring typically at 1000 m asl (Alonso

et al. 1997).

To extend the comprehension of the scenery described above a multi-instrument

approach could be extremely helpful. Many studies of the vertical profile of the

tropospheric aerosol load have been conducted using the light detection and ranging

(lidar) technique not only in the European continent (Boesenberg et al. 2001, 2003)

and North America but also in some Asian countries (Bissonnette et al. 2002).

Despite its simple conception, its design and technologies are complex, and it has

become a useful tool in meteorology, in atmospheric physics, in space studies and

other applications. In Brazil, with its continentally sized land area, there are only

two operating lidar systems; the first is devoted to stratospheric studies (Clemesha

and Rodrigue 1971) and the second, an elastic backscatter lidar system, is devoted to

tropospheric aerosol profiling for air pollution applications. This limited number of

lidar systems is in contrast to the large networks now in operation over Europe and

North America.

The lidar technique principle is based on the emission of a laser beam in the

atmosphere and the detection of the backscattered laser light by the suspended

atmospheric aerosols and its analysis, in real time, with high temporal (some

seconds) and spatial (a few metres) resolution (Ferrare et al. 1991, Marenco et al.

1997). This method of studying the lower atmosphere relies on the fact that the

aerosols are treated as passive tracers of the atmospheric dynamics, and thus, the

lidar technique can provide information on the structure and parameters of the

Planetary Boundary Layer (PBL) (Melfi et al. 1985, Crum et al. 1987, Papayannis

and Balis 1998, Balis et al. 2000, Papayannis and Chourdakis 2002). Besides, the

synergy of ancillary meteorological measurements and simultaneous investigations

of the optical properties of the suspended aerosols (by Sun photometers or

spectrophotometers) can provide additional information for reducing the lidar data

retrieval errors (aerosol extinction and backscatter profiles). Especially, this synergy

of measurements helps to minimize the uncertainties of the assumptions made, when

inverting the lidar signals (Takamura et al. 1994, Marenco et al. 1997, Balis et al.

2000) using the input value of the extinction-to-backscatter ratio (lidar ratio), since

it is well known that the lidar ratio has a wide range of values, which depend on the

2798 E. Landulfo et al.
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relative humidity (RH) and on the origin of the air masses sampled (Ackermann

1998, Anderson et al. 2000).

The purpose of this paper is to present the first ground-based lidar measurements

of suspended aerosol particles in the PBL and the adjacent free troposphere (1.5–

5 km height) performed over the city of São Paulo, Brazil (23u339 S, 46u449 W)

during the second half of the Brazilian dry season. Previous airborne measurements

of suspended aerosol particles and ozone have been carried out by the National

Aeronautics and Space Administration (NASA) lidar group during the GTE/ABLE

2B campaign over the Amazon area during the wet season (Browell et al. 1990).

Aerosol optical thickness measurements (AOT) were also performed with a

commercial CIMEL Sun photometer, in order to help the interpretation of the lidar

measurements, taken under ‘cloud-free’ conditions during the last period of the

wintertime or dry season, September and October months, since the distinction

amongst the seasons in the São Paulo region is not very pronounced. Some selected

days were taken as case studies and for these days air mass backward trajectories

were calculated using the University of São Paulo Trajectory Model (USPTM)

(Freitas et al. 1996) in order to attain the height and origin of the aerosol load into

the metropolitan area of São Paulo (MASP). The instrument locations in the São

Paulo district area are depicted in figure 1. The daily CIMEL and lidar data were

acquired in a different time frame, mostly due to operational issues. In §2 of this

paper a brief overview of the experimental set-up of the lidar system and the CIMEL

photometer will be given. In §3 a brief presentation of the USPTM model will be

presented. In §4 the lidar inversion technique and data analysis will be presented. In

§5 three case studies of aerosol lidar measurements will be analysed and discussed.

Finally, §6 presents a discussion and our concluding remarks.

2. Experimental set-up

2.1 Lidar system

A ground-based elastic backscatter lidar system has been recently developed in the

Laboratory of Environmental Laser Applications at the Centre for Laser and

Figure 1. São Paulo Metropolitan Region (MASP5RMSP) map with the sampling
locations indicated: (1), São Paulo University Campus (USP), site of the lidar and CIMEL;

N, meteorological station.

Tropospheric aerosol observations in São Paulo, Brazil 2799
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Applications (CLA) at the Instituto de Pesquisas Energéticas e Nucleares (IPEN)

(figure 2). The lidar system is a single-wavelength backscatter system pointing

vertically to the zenith and operating in the coaxial mode.

The light source is based on a commercial Nd:YAG laser (Brilliant by Quantel

SA) operating at the second harmonic frequency (SHF), namely at 532 nm, with

a fixed repetition rate of 20 Hz. The average emitted power can be selected up

to values as high as 3.3 W. The emitted laser pulses have a divergence of less than

0.5 mrad. A 30 cm diameter telescope (focal length f51.3 m) is used to collect

the backscattered laser light. The telescope’s field of view (FOV) is variable (0.5–

5 mrad) by using a small diaphragm. The lidar is currently used with a fixed FOV

of the order of 1 mrad, which according to geometrical calculations (Chourdakis

et al. 2002) permits a full overlap between the telescope FOV and the laser beam

at heights higher than 300 m above the lidar system. This FOV value, in

accordance with the detection electronics, permits the probing of the atmosphere

up to the free troposphere (5–6 km asl). To take into account the non-full

overlap below 300 m, an overlap factor correction could be employed

(Chourdakis et al. 2002). Among the experimental methods proposed to determine

the lidar overlap factor, two techniques have to be mentioned: one method proposed

by Sasano et al. (1979) and by Pavlow et al. (2004), in which multi-angle lidar

profiles are employed, and one method based on the Raman scattering due to the

atmospheric nitrogen, as recently shown by Wandinger and Ansmann (2002).

However, such Raman channel is not currently available, and is foreseen for the

near future upgrade of our system. This will enable us to determine the aerosol

extinction and the aerosol backscatter coefficients independently at 355 nm

(Ansmann et al. 1990).

The backscattered laser radiation is then sent to a S-20 photomultiplier tube

(PMT) coupled to a narrow band (1 nm FWHM) interference filter, to ensure

the reduction of the solar background during daytime operation and to improve

the signal-to-noise ratio (SNR) at altitudes greater than 3 km. The PMT output

signal is recorded by a 1 GHz digitizing oscilloscope—Tektronix 580 TDS—

presenting a 10 bit analogue-to-digital conversion (ADC) resolution. Data are

Figure 2. Single-wavelength elastic backscatter lidar system experimental set-up.
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averaged between 2–5 min and then summed up over a period of about 1 h, with a

typical spatial resolution of 15 m, which corresponds to a 100 ns temporal

resolution.

2.2 Sun-tracking photometer

The CIMEL 318A spectral radiometer is a solar-powered weather-hardy robotically

pointed Sun and sky instrument. This instrument is installed on the roof of the

Physics Department at the University of São Paulo. The CIMEL photometer

performs measurements of the AOT at several wavelengths in the visible and the

near-infrared spectral region to enable the assessment also of the Ångström

coefficient (Holben et al. 2001). The principle of operation of this system is to

acquire aureole and sky radiances observations using a great number of scattering

angles from the Sun, through a constant aerosol profile to retrieve the aerosol size

distribution, the phase function and the AOT. For the relevant study, the channels

used are centred at 340, 440, 500, 670, 870, 940 and 1020 nm, with a 1.2u full angle

FOV. The measurements are taken pointed directly to the Sun (four sequences) or to

the sky (five sequences) in nine different pre-programmed sequences (Holben et al.

1998). Three of them are dedicated to retrieve the AOTs, while the other six are

taken to obtain the calibration parameters, the sky radiance, the aerosol particle size

distribution, the refractive index (both real and imaginary components), the phase

function, the total column abundance and the perceptible water content (Dubovik

and King 2000). The standard measurements are taken in 15 min interval, in order to

allow cloud contamination checking. These measurements are taken in the whole

spectral interval, and their number depends on the daytime duration. The

instrument precision and accuracy follow the standard Langley plot method within

the standard employed by the AERONET network (Holben et al. 1998). The

CIMEL Sun photometer is calibrated periodically by a remote computer or locally

under the supervision of the AERONET network. The calibration methodology

assures a coefficient error between 1% and 3%; nonetheless, various instrumental,

calibration, atmospheric, and methodological factors influence the precision and

accuracy of the derived optical thickness and effectively the total uncertainty in the

AOT is about 10% (Dubovik et al. 2000).

3. Modelling

The air-mass backward trajectory calculations apply a three-dimensional (3D)

kinematic trajectory model which was developed at the University of São Paulo

(Freitas et al. 2000). The air mass trajectories (called kinematic trajectories) are

obtained using the three components of the wind field, which is numerically

generated by the Regional Atmospheric Modeling System approach (RAMS) as

shown by Pielke et al. (1992) and by Liston and Pielke (2001). The air parcel

trajectory output is generated every 3 min, thus providing the latitude, longitude and

altitude coordinates. In this paper we show the trajectory locations every 6 h using a

colour-coded scale. The model time period extends to about one week, while the

corresponding spatial resolution is about 60 km (Freitas et al. 2000). In this paper we

calculated 96-h (four days) back-trajectories of air masses ending over the city of

São Paulo, in order to have a more realistic input about the origin of the air masses

ending over our lidar site and to locate the aerosols sources near the São Paulo

region.

Tropospheric aerosol observations in São Paulo, Brazil 2801
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4. Data analysis and methodology

4.1 Lidar inversion algorithm

In the present stage, the retrieval of the aerosol optical properties is based on the

measurements of the aerosol backscatter coefficient (baer) at 532 nm, up to an

altitude of 5–6 km asl. The determination of the vertical profile of the aerosol

backscatter coefficient relies on the lidar inversion technique following the Klett’s

algorithm, as proposed by Klett (1985) and Fernald (1984), where no multiple

scattering correction is applied, under the assumption of elastic scattering by

spherical aerosols. It is well known that multiple scattering occurs mostly under low-

visibility conditions (presence of water droplets, ice crystals, fog, haze, etc.). As

stated by Measures (1992) depolarization ratio values in excess of about 0.02 can

arise from spherical particles (water droplets) in the event of multiple scattering. If

the scattering particle is non-spherical (such as ice crystals, dust and biomass

burning particles) the depolarization ratio increases (Measures 1992) and typically

ranges between 0.2 and 0.5 (Tataro et al. 2004). Depolarization studies can thus

provide some insight into the distribution of ice and water in clouds and also can

help to discriminate between spherical and non-spherical atmospheric aerosols.

In this paper we did not consider multiple-scattering effects, since no low-visibility

conditions were taken into account. The valuable information given by depolariza-

tion of the incident linearly polarized laser beam is not available in the actual

version of our lidar system. However, a depolarization channel at 532 nm is foreseen

in the next phase of upgrade of our aerosol lidar system; therefore, we will have the

possibility to distinguish between spherical (such as dust or biomass aerosols) and

non-spherical (such as ice crystals) particles under high-visibility conditions (no

multiple-scattering effects).

One has, however, to bear in mind that this inversion technique is an ill-posed

problem in the mathematical sense, leading to errors as large as 30% when applied

(Papayannis and Chourdakis 2002). In general, the inversion of the lidar profile is

based on the solution of the basic lidar equation (equation (1)), taking into account

the atmospheric solar background radiation correction (Measures 1992, Papayannis

and Chourdakis 2002):

P l, Rð Þ~PL

ct

2

� �
b l, Rð ÞAoj lð Þf Rð ÞR{2 exp {2

ðR

0

a l, rð Þdr

� �
ð1Þ

where, P(l,R) is the lidar signal received from a distance R at the wavelength l, PL is

the emitted laser power, A0 is the telescope receiving area, j(l) is the receiver’s

spectral transmission factor, b(l,R) is the atmospheric volume backscatter

coefficient, f(R) is the overlap factor between the FOV of the telescope and the

laser beam, a(l, R) is the extinction coefficient, c is the light speed and t is the laser

pulse length.

In equation (1), the a and b coefficients can be separated into two sets, one for the

molecular scattering component and the other for the particle scattering component.

Besides, in the Klett inversion technique, there is a reference altitude, Zref, which is

used as an upper limit, and has to be an aerosol-free region. Therefore, in this region

and above it, the lidar signal shows a decay, which follows the molecular

contribution only. This is regularly checked using the technique proposed by

Chourdakis et al. (2002), in which the lidar signal perfectly fits to the signal

corresponding to the molecular atmosphere in an aerosol-free region, and thus

2802 E. Landulfo et al.
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always assures the perfect alignment of the lidar system. In our case the Zref value

was taken in the 7–9 km region, using the technique proposed by Chourdakis et al.

(2002).

To retrieve the aerosol backscatter coefficient we applied the Klett’s inversion

technique assuming a ‘guessed’ altitude-constant extinction-to-backscatter ratio

(LR) in the lower troposphere, given by:

bp

�
ap~C~1=LR ð2Þ

However, it is known that the LR depends on several parameters, such as the

aerosol refractive index, the shape and size distribution of the aerosol particles.

Besides, there is a strong dependence of LR on the temperature and humidity

profiles in the atmosphere, that might cause variations on the optical parameters of

the aerosols (Haenel 1976), and of course on the presence of turbulence in the

atmospheric volume being probed by the lidar beam (Stull 1991).

To derive the appropriate ‘correct’ values of the vertical profile of aerosol

backscatter coefficient in the lower troposphere we used an iterative inversion

approach (by ‘tuning’ the LR values) based on the inter-comparison of the

AOT values derived by lidar and CIMEL data, assuming the absence of

stratospheric aerosols and that the PBL is homogeneously mixed between ground

and 300 m height, where the lidar overlap factor is close to 1. Once the ‘correct’

values of the vertical profile of aerosol backscatter coefficient were derived (when

the difference of the AOTs derived by CIMEL and lidar was less than 10%) we

reapplied the Klett method, using the appropriate LR values, to retrieve the

final values of the vertical profiles of the backscatter and extinction coefficient at

532 nm.

The accuracy of the lidar measurements is such that up to 4 km the statistical error

is of the order of 5–10%, since the SNR of our lidar signals remains higher than 3.5

(Marenco et al. 1997). As discussed before, the systematic error on the retrieval of

the backscatter coefficient bp can be as high as 30%, depending mainly on the mean

value of C used (Balis et al. 2000). This systematic error can be minimized using an

iterative algorithm by direct measurements of the AOT from co-located CIMEL

measurements, using the relation:

AOT~
XRref

0

a rð ÞDr ð3Þ

where Dr is the vertical sampling resolution of the lidar measurements, normally

taken as 0.015 km.

4.2 CIMEL inversion algorithm

The inversion of the solar radiances measured by the CIMEL Sun photometer to

retrieve the aerosol optical thickness values is based on the Beer–Lambert equation,

assuming that the contribution of multiple scattering within the small FOV of the

Sun photometer is negligible:

Il~I0
l exp {

tl

mS

� �
ð4Þ

where I0
l and Il are the solar irradiances at ground level and at the top of

Tropospheric aerosol observations in São Paulo, Brazil 2803
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the atmosphere, respectively, and mS is the cosine of the solar zenith angle. tl is

the total atmospheric optical thickness from the Rayleigh and aerosol contribu-

tions, as well the ozone and water vapour absorption at 670 nm and 870 nm,

respectively, bearing in mind that the ozone contribution is also subtracted from

the total optical depth. The aerosol optical thickness at 532 nm was determined by

the relation:

taer
532

taer
500

~
532

500

� �{a

ð5Þ

where the Ångström exponent (Ångström 1964) a was derived from the measured

optical thickness in the blue and red channels (440 nm and 670 nm):

a~{
log taer

440

�
taer

670

� 	
log 440=670ð Þ ð6Þ

The Ångström exponent is also an indirect mean to retrieve the particle size

distribution (Junge 1963) and its possible composition (Deepak and Gerber 1983,

D’Almeida et al. 1991). Concerning the uncertainty, the major source of error would

be in the calibration procedure, which is proportional to the associated uncertainty

of the AOT at a given wavelength (Hamonou et al. 1999).

5. Data analysis

In this paper we will present three selected cases for the year 2001: 19 and 24

September and 3 October. For these three cases we will focus on the following

issues: the meteorological conditions during the measurements, the optical thickness

measured by the lidar and the Sun photometer, the PBL structure and the air mass

back trajectory analysis at various altitudes. For the sake of comparison and

categorization, three distinct criteria are here applied in order to have a ‘guess’ of the

lidar ratio:

(1) the first criterion (LR1), where the lidar’s AOT is given by inversion analysis

using the LR extracted from the Sun photometer data;

(2) The second criterion (LR2), where the CIMEL-retrieved AOT is applied to

tune the LR, in such a way that a LR is used in the lidar inversion analysis to

obtain an AOT about 10% of that retrieved by the CIMEL. In this instance,

this value is a rough estimation of the contribution not taken into account by

the lidar system due the overlap factor (equals the unity above 300 m); and

(3) the last criterion (LR3), where the CIMEL-retrieved AOT is also applied to

tune the LR, in such a way that a LR is used in the inversion analysis to

obtain the same AOT in both lidar and CIMEL.

It is interesting to note, as will be explained in detail in the next paragraphs, that

the AOT derived by the lidar measurements is generally lower than that derived by

the CIMEL instrument. This is due of course to the fact that the lidar system is not

able to probe the lower part (0–300 m) of the atmosphere (Chourdakis et al. 2002),

where an important fraction of aerosol particles is present. Therefore, during days of

high air pollution loads in the PBL the difference between the lidar- and the

CIMEL-derived AOTs becomes significant.

The ideas mentioned in the three sections above can be summarized in two tables.

The first table (table 1) shows the synoptic meteorological conditions of each day

2804 E. Landulfo et al.
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and gives also the structure of the atmosphere, namely the PBL height, as derived by

the lidar measurements, using the approach proposed by Menut et al. (1999).

Table 2 gives the optical properties of the atmosphere and the AOTs as derived from

the CIMEL and lidar measurements, as well the lidar ratio applied to get the lidar-

derived optical thickness. One will observe that there are some large discrepancies

between the CIMEL LR and the two other values given in table 2; these

discrepancies might be related to the impossibility of having the same time frame

for the data acquisition, besides the figures obtained by the CIMEL oscillate more

than 20% in value within a few minutes of data acquisition, which might relate to the

high sensitivity of the CIMEL for the parameters used to obtain the LR, namely the

Phase function and Single Scattering Albedo, used to retrieve the LRs from the Sun

photometer data (Welton et al. 2002).

5.1 19 September 2001

The day of 19 September was characterized by a ground temperature ranging

throughout the day from 10.4–23uC, accompanied by a change in the RH from 33%

to 95%. The lidar profiles (aerosol backscatter coefficient) taken between 14:00 and

15:00 UTC (figure 3) indicate the presence of a first aerosol layer up to 750 m.

Table 1. Meteorological conditions during measurements.

Day

Daily maxi-
mum and
minimum

temperature
(uC) at

ground level

Daily maxi-
mum and
minimum
relative

humidity (%)
at ground

level

Temperature
during lidar

measurements
(u C)

Relative
humidity

during lidar
measurements

(%)

Lidar
derived

PBL
height

(m)

19 September 2001 10.4–23.0 33–95 22.0 37–40 750
24 September 2001 15.0–27.7 48–97 26.0 44–50 600
3 October 2001 14.0–25.2 41–88 23.0 49–54 550

Table 2. Atmospheric optical thickness (AOT) as derived by CIMEL and lidar data.

Day LR1 LR2 LR3 AOT1 AOT2 AOT3

Ångström
exponent

19 September 73¡7 45¡6 43¡6 0.15¡0.02 0.12¡0.02 0.25¡0.03 1.9¡0.3
24 September 39¡4 41¡5 45¡6 0.35¡0.03 0.31¡0.04 0.29¡0.04 1.5¡0.2
3 October N/A 16¡2 19¡3 N/A 0.05¡0.01 0.04¡0.01 1.6¡0.2
3 October N/A 14¡2 15¡3 N/A 0.07¡0.01 0.06¡0.02 1.6¡0.2

Day: Days of the year 2001 the measurements were performed.
LR1: Lidar ratio retrieved from CIMEL.
LR2: Lidar ratio used by lidar with the 10% approach.
LR3: Lidar ratio applied to obtain a matching between the AOTs provided by CIMEL and
lidar.
AOT1: AOT provided by the CIMEL.
AOT2: AOT provided by the lidar.
AOT3: AOT provided by the lidar using the LR1.
On 3 October two measurements were carried out: one in the morning (local time) and the
other in middle afternoon. Also the CIMEL data needed for the LR estimation (single
scattering albedo and phase functions) were not available on this day.
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During this period of measurements there are some changes in these lower

structures, which could originate from nearby local aerosol sources, as the mixing
layer did not evolve to higher heights and thus a ‘practically’ aerosol-free

atmosphere is found above 1500–2000 m height. In this context the aerosol load

observed inside the PBL sources is due mainly to local urban activities, like car

traffic, industrial emissions and other urban sources.

As the altitude increases one can observe a discrete residual layer up to 2.5 km,

which is probably the entrainment zone with an upper limit around 3 km. Above

this altitude, a free and cleaner atmosphere is reached. The 3D 96-h air mass

back-trajectory analysis for air parcels ending over our site at 14:00 UTC at

two height levels (1200 and 2500 m asl) (figure 4(a) and (b), respectively) shows

the origin of these incoming air masses being the marine boundary layer
and neighbouring suburban regions. It is interesting to note that the air masses

arriving at 1200 m height originated from an altitude of about 300 m asl over the

ocean. Therefore, from these plots one could propose that there is a mixing of

maritime and continental aerosols, along with those generated inside the MASP

itself.

The AOT values obtained at 532 nm on 19 September 2001 were 0.15¡0.02 and

0.25¡0.03 for the CIMEL and lidar systems, respectively, taking into account that

the LR input value, for the Klett inversion technique, was taken equal to 45 sr.

Similar values of the LR at 532 nm were recently reported by Mueller et al. (2001)

and by Wandinger et al. (2002) for urban air polluted air masses during the

INDOEX experiment.

5.2 24 September 2001

The day of 24 September was characterized by a ground temperature ranging

throughout the day from 15.0–27.7uC, accompanied by a change in the RH from

Figure 3. Aerosol backscatter coefficient profiles taken from 14:00 to 15:00 UTC on 19
September 2001.
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Figure 4. Three-dimensional air mass backward (96 h iteration) trajectories on 19
September 2001, 14:00 UTC, arriving at different altitudes: (a) 1200 m, and (b) 2500 m.
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48% to 95%. The previous days, 21 and 22, were cloudy with high RH values (85%)

at ground level and a stable ground temperature of about 17uC. On 23 September

the ground temperature rose to 22uC.

The aerosol backscatter profiles taken between 13:00 and 14:00 GMT, on 24

September, are shown in figure 5. In this profile intense aerosol layers are present

around 1500–2000 m and above 2500 m. These aerosol layers as well as the very

thick layer observed between 2500 and 6000 m, are probably indicative of the

presence of long-range transported particles in the free troposphere originating from

remote areas. The mean AOT derived values from the CIMEL data at 532 nm on 24

September 2001 were quite high, of the order of 0.35. If we include again the

assumed well-mixed first 300 m and match the lidar and CIMEL AOT values to

within 10%, we find a mean LR of the order of 41 sr.

As we did not take samples of the aerosols along the laser beam propagation into

the atmosphere, we cannot actually comment on the chemical type of such aerosols.

Instead, we can only speculate on their apparent size and their source region. The

Ångström exponent values obtained for that day (0.6¡0.20) indicate probably the

presence of rather small aerosol particles, probably like the carbonaceous particles

or even smoke-aged aerosols diluted over the urban area of São Paulo (Eck et al.

1999).

The origin of such intense aerosol layers can be found if one looks at the three-

dimensional 96-h air mass backward trajectories (figure 6(a) to (c) ending at 1000,

2000 and 4500 m above ground level at 12:00 UTC. The low altitude content of

aerosols (around at 1000 m) is probably due to the local industrial sites in the city

and the heavy car traffic. In addition, the low air mass dispersion conditions of the

previous days should be added to the total aerosol load present at the time of

measurements. Another important aspect to focus on is the presence of intense

aerosol layers seen at altitudes higher than 2 km height. As one can see from

Figure 5. Aerosol backscatter coefficient profiles taken between 13:00 to 14:00 UTC on 24
September 2001.
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Figure 6. Three-dimensional air mass backward (96 h iteration) trajectories, on 24
September 2001, 12:00 UTC, arriving at different altitudes: (a) 1000 m, (b) 2000 m, and
(c) 4500 m.
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figure 6(b) and (c), the air mass back-trajectory analysis shows that at 2000 m and

4500 m, respectively, the aerosol particles are coming from the western part, that is,

the country side of the state, where biomass burning is very common during that

season.

5.3 3 October 2001

3 October was a very clear day with a few scattered high clouds, following a series of

rainy days responsible for washing out the pollution accumulated until then. The

ground temperature ranged throughout the day from 14.0–25.2uC, accompanied by

a change in the RH from 41% to 88%.

The lidar profiles (figure 7) show that this day was favourable to atmospheric

convection, with a less dense but thicker (than the one shown in case II) aerosol

layer, starting at about 600 m height and ending at about 4.0 km. As this day was

preceded by rainy days, the stronger sources of aerosols were mainly local. The

changes in the aerosol backscatter profiles were significant during this short period

of measurements, even though it was a very ‘clear’ day with favourable dispersion

conditions, under windy meteorological conditions. In figure 7 one can also observe

the presence of an intense aerosol layer around 1.2 km height, which again would

probably correspond to the top of the PBL.

If we consider the 3D 96-h air mass backward trajectory analysis for air masses

ending at 18:00 UTC over our site (figure 8(a) to (c)) we realize that the air masses

sampled originated from the western part of the continent, in the height region

between 1500 and 3500 m. Advection of air masses containing biomass burning

aerosols could be speculated to be the reason for the aerosol layers observed that

day.

Figure 7. Aerosol backscatter coefficient profiles taken from 18:00 to 18:30 UTC on
3 October 2001.
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Figure 8. Three-dimensional air mass backward (96 h iteration) trajectories, on 3 October
2001, 18:00 UTC, arriving at different altitudes: (a) 500 m, (b) 1500 m, and (c) 3500 m.
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The average optical thickness retrieved by the CIMEL Sun photometer was

around 0.08¡0.03, and was taken around 18:00 UTC, with a corresponding

Ångström exponent of 2.0¡0.5, which corresponds to finer particles than the other

case studies. The lidar profiles shown in figure 7 were taken between 18:00 and 19:00

UTC, thus the lidar derived average AOT is 0.07¡0.02, and was calculated from 0.4
to 5.0 km. The lidar derived AOT was 13% smaller than the AOT given by the Sun

photometer. This again can be explained by the fact that the full overlap of the lidar

system occurs at altitudes higher than 300 m.

6. Discussion and conclusions

The results from the first lidar measurements performed during the second half of

the so-called dry season, September and October 2001 in São Paulo, Brazil, showed a

significant variability of the AOT at 532 nm in the lower troposphere (0.5–5 km).

The maximum value of the AOT retrieved by CIMEL was 0.44¡0.05, and was valid

for clear-sky conditions on 24 September 2001. This AOT variability was also
confirmed from co-located aerosol lidar measurements. The first tropospheric

aerosol measurements performed over the city of São Paulo during the dry season

showed that the aerosol load is maximized in the 1–3 km height and represents about

20–25% of the suspended aerosol particles in the troposphere. The variability of the

suspended aerosols in this layer increases when long-range transport mechanisms

are involved, transferring dust from industrial or biomass burning regions over our

measuring site. This is validated when 4-day 3D air mass backward trajectory

analysis is performed. The synergy of the lidar and Sun photometer measurements
indicated that the aerosols over the measuring site were most probably composed by

carbonaceous particles and anthropogenic or biogenic sulphate ones.

Figure 8. (Continued).
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The absolute value changes in the AOTs reflect the fact that the days the

measurements were taken presented different meteorological and therefore pollution

dispersion conditions. Namely, the day 24 September, which was the most heavily

polluted, was characterized by the high optical thickness values given by the CIMEL

and the lidar systems (of the order of 0.30 km–1), while days 19 September and

3 October were less polluted showing smaller values of OTs (of the order of

0.15 km 2 1 and 0.05 km 2 1, respectively).

The CIMEL data for the three selected days were also used to derive the

Ångström exponent over the city of São Paulo, from which the corresponding mean

lidar ratio values were derived using the available data in the literature as given by

D’Almeida et al. (1991). The mean lidar ratio over our urban region during the dry

season is of the order of 36–45 sr. Additionally, when correlating the value of the

lidar ratio and the Ångström exponent, one realizes, following the procedure

described by Anderson et al. (2000), that the aerosol load is on the accumulation

mode instead of the coarse mode; this is also corroborated by Ångström exponent

values themselves as exposed in the literature by D’Almeida et al. (1991). Attention

has to be given to the fact that under high aerosol optical depth conditions the first

300–400 m, which were not included in the lidar measurements, may contain an

important fraction of the tropospheric aerosol load. This could be a potential reason

why there were some discrepancies among the LR2 and LR3 values derived.

The lidar system is now being ‘upgraded’ to a Raman lidar and 532nm-

polarization system, in order to provide profiles of the aerosol depolarization at

532 nm and the aerosol extinction at 355 nm (Müller et al. 1998). For such a task a

third-harmonic generator module has been added to the laser head allowing the

possibility of emitting a laser beam at 355 nm as well, and detecting the 355 nm

signal together with the Nitrogen Raman signal at 387 nm. For adding this module

the detection system also has been remodelled with the appropriate optics as well.

The polarization channel, as we have named it, in the system was made with an

addition of a Glan separator giving the possibility of analysing the depolarization of

the original laser incident beam (parallel polarization) in the atmosphere, we expect

after developing the proper software for studying the data we might be able to get

size and morphology distribution of the particles in the atmosphere.

With such improvement we expect then a better inter-comparison with ground-

based instrumentation and other airborne instruments such as balloons and/or

satellites.
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LARCHEVÊQUE, G., LINNÉ, H., MATTHEY, R., MATTIS, I., MEKLER, A.,

MIRONOVA, I., MITEV, V., MONA, L., MÜLLER, D., MUSIC, S., NICKOVIC, S.,
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