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ABSTRACT

A backscattering lidar system, the first of this kind in Brazil, has been used to provide the vertical profile
of the aerosol backscatter coefficient at 532 nm up to an altitude of 4-6 km above sea level (ASL), in a
suburban area in the city of Sdo Paulo. The lidar system has been operational since September 2001. The
lidar data products were obtained in a 4-yr period (2001-04) and concerned the aerosol optical thickness
(AQOT), the aerosol backscattering and extinction coefficients at 532 nm, cloud properties (cloud base,
thickness), planetary boundary layer (PBL) heights, aerosol layering, and the structure and dynamics of the
lower troposphere. The lidar data are presented and analyzed in synergy with AOT 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 (LR)]. A correlation
between the lidar data and the data obtained by a Cimel sun-tracking photometer [belonging to the Aerosol
Robotic Network (AERONET)] is being made to set a temporal database of those data that were collected
concomitantly and to cross correlate the information gathered by each instrument. The sun photometer data
are used to provide AOT values at selected wavelengths and thus to derive the Angstrém exponent (AE)
values, single scattering albedo (SSA) and phase function values, and LR values. The analysis of these data
showed an important trend in the seasonal signature of the LR indicating a change of the predominant type
of aerosol between the dry and wet seasons. Thus, during the wet season the LR lidar values are greater
(50-60 sr), which indicates that larger absorption by the aerosols takes place during this period. The
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corresponding AE values range between 1.3 and 2 for both periods.

1. Introduction

Air pollution in megacities is one of the most impor-
tant problems of our era. The city of Sdo Paulo, Brazil,
ranks as one of the five largest metropolitan areas of
the world, as well as one of the most populated areas
(about 11 million inhabitants). In all these megacities,
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human activities have an enormous impact on the qual-
ity of the local atmosphere, as well as on the popula-
tion’s health. Concerning the atmospheric quality, we
highlight the high concentrations of the suspended
aerosol particles as a subject of continuous interest be-
cause of the ongoing expansion of the metropolitan
area, which carries over 15 000 industries. The study of
aerosols in such an environment is not only crucial but
very important in assessing the local and regional im-
pact on climate and population health. Aerosol data
from these geographical locations in the Southern
Hemisphere are not as abundant as in Europe, North
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America, and northern Asia. Among the several means
to measure the aerosols parameters we highlight the
ground-based remote sensing, in particular the lidar
and sun photometric techniques.

The lidar technique is based on the emission of a
collimated laser beam in the atmosphere and on the
detection of the backscattered laser light by the sus-
pended atmospheric aerosols and atmospheric mol-
ecules. The lidar technique, through its high temporal
(from seconds to minutes) and spatial (3—15 m) resolu-
tion, is a powerful tool to visualize in real time the
structure of the PBL using the aerosols as passive trac-
ers of the atmospheric dynamic processes. The sun pho-
tometer data are used to provide the aerosol optical
thickness (AOT) values at selected wavelengths and
thus, to derive the Angstrém exponent (AE) values.
The synergy of Cimel and lidar measurements also acts
to minimize the uncertainties of the assumptions made,
especially when inverting the lidar signal using Klett’s
technique (Klett 1985).

In Brazil, a continent-sized country, there are only
two operating lidar systems; the first one is devoted to
stratospheric studies (Clemesha and Rodrigues 1971)
and the second one, an elastic backscatter lidar system,
is devoted to tropospheric aerosol profiling for air pol-
lution applications (Landulfo et al. 2004).

The synergy of ancillary meteorological measure-
ments and simultaneous investigations of the optical
properties of the suspended aerosols (by sun photom-
eters or spectrophotometers) can provide additional in-
formation for reducing the lidar data retrieval errors
(aerosol extinction and backscatter profiles). Espe-
cially, this synergy of measurements helps to minimize
the uncertainties of the assumptions made when invert-
ing the lidar signals (Takamura et al. 1994) using the
input value of the extinction-to-backscatter ratio [lidar
ratio (LR)], since it is well known that the lidar ratio
has a wide range of values that depend on the relative
humidity (RH) and on the origin of the air masses
sampled (Anderson et al. 2000; Ackermann 1998). Re-
cently, a variability study of the lidar ratio was made by
Cattrall et al. (2005) emphasizing its climatology in the
face of 26 different locations of the globe.

In this paper we present a statistical analysis of the
aerosol optical properties retrieved over the city of Sdo
Paulo, using the synergy of lidar and sun photometer
measurements performed concomitantly between the
years 2001 and 2004. We first compare the lidar ratios
retrieved by the Aerosol Robotic Network (AERO-
NET) products (“cloud free” level-1.5 data) available
in Sao Paulo with the ones obtained by lidar, through
tuning of the lidar data to match the AOT values given
by the Cimel photometer (Landulfo et al. 2003). The
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lidar ratio variability is presented and the presence of a
seasonal signature is evaluated from measurements
performed in the dry and wet season over the city of
Sdo Paulo.

2. Methodology

The lidar in Sdo Paulo [Municipio de Sido Paulo
(msp) lidar] is a single-wavelength backscatter system
pointing vertically to the zenith and operating in the
coaxial mode. The light source is based on a commer-
cial Nd:YAG laser (Brilliant, 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 f = 1.3 m) is used to collect the backscattered
laser light. The telescope 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 permits a
full overlap between the telescope FOV and the laser
beam at heights higher than 300 m above the lidar sys-
tem.

As stated before, collocated Cimel aerosol measure-
ments were performed to determine the AOT values at
several wavelengths in the visible spectrum and thus, to
enable the assessment of the AE values at the same
spectral region. The principle of operation of the Cimel
instrument is to acquire aureole and sky radiance mea-
surements. The standard measurements are taken 15
min apart to allow for cloud contamination checking.
These measurements are taken in the whole spectral
interval (440-870 nm), and their number depends on
the daytime duration. The instrument precision and ac-
curacy follow the standard Langley plot method within
the standards employed by AERONET (Holben et al.
1998). The Cimel sun photometer is calibrated periodi-
cally by a remote computer or locally under the super-
vision of AERONET. The calibration methodology as-
sures coefficient accuracy between 1% and 3%; none-
theless, various instrumental, calibration, atmospheric,
and methodological factors influence the precision and
accuracy of optical thickness and effectively the total
uncertainty in the AOT retrieved values is less than 8%
(Landulfo et al. 2003).

a. Lidar data retrieval

In general, the inversion of the lidar profile is based
on the solution of the basic lidar equation, taking into
account the atmospheric solar background radiation
correction (Papayannis and Chourdakis 2002). The re-
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trieval 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. The deter-
mination of the vertical profile of the aerosol backscat-
ter coefficient relies on the lidar inversion technique
following a modified Klett’s algorithm (Klett 1985;
Grabowski and Papayannis 1999). 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 Chour-
dakis 2002). In general, the inversion of the lidar profile
is based on the solution of the lidar Eq. (1), under the
assumption of the single scattering approximation:

cT 5
P(A, R) = PL<3>B()\7 R)AEMCR

X exp[—2fra(A, r) dr}, (1
0

where P(A, R) is the lidar signal received from a dis-
tance R at the wavelength, P, is the emitted laser
power, A, is the telescope receiving area, &) is the
receiver’s spectral transmission factor, B(A, R) is the
atmospheric volume backscatter coefficient, {(R) is the
overlap factor between the field of view of the tele-
scope and the laser beam, a(A, R) is the extinction co-
efficient, c is the light speed, and 7 is the laser pulse
length.

To make the lidar equation solvable it is necessary to
establish a relation between a(A, R) and B(A, R). This is
achieved assuming the lidar ratio, or extinction-to-
backscatter ratio, relationship. However, it is known
that the LR depends on several physical-chemical pa-
rameters inherent to the aerosols being inspected, such
as the aerosol refractive index and size and shape dis-
tribution of the aerosols particles (Bosenberg et al.
1997). To derive the appropriate “correct” values of the
vertical profile of aerosol backscatter coefficient in the
lower troposphere we used an iterative inversion ap-
proach (by “tuning” the LR values) based on the inter-
comparison of the AOT values derived by lidar and
Cimel data (Landulfo et al. 2003, 2004), 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 the aerosol
backscatter coefficient were derived (when the differ-
ence between the AOTs derived by Cimel and lidar was
less than 10%) we reapplied Klett’s inversion technique
(Klett 1981, 1985), using the appropriate LR values, to
retrieve the final values of the vertical profiles of the
backscatter and extinction coefficient at 532 nm. The
LR obtained from the Cimel database was used as well,
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according to the following expression (Dubovik et al.
2006):

4

Si = oP(180)° @

where o, is the single scattering albedo (SSA) and
P,(180) is the backscattering phase function (PF).

b. Sun photometer data retrieval

The inversion of the solar radiances measured by the
Cimel sun photometer to retrieve the AOT values is
based on the Beer—Lambert law, assuming that the con-
tribution of multiple scattering within the small field of
view of the sun photometer is negligible:

_ 70 2N
I, =1Ix exP(I%)’ 3)
where I, and I9 are the solar irradiances at the top of
the atmosphere and at ground level, respectively, and
K is the cosine of the solar zenith angle; 7, is the total
atmospheric optical thickness from the Rayleigh and
aerosol contributions, as well the ozone and water va-
por absorption at 670 and 870 nm, respectively. The
molecular (Rayleigh) scattering contribution is taken
into account to retrieve the aerosol optical thickness
values at 532 nm, determined by the relation

ri 532\
500 ’
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7500
where the AE value (Angstrom 1964) was derived from
the measured optical thickness in the blue and red
channels (440 and 670 nm):
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FiG. 1. Temporal display of measurements taken by the lidar
station at Sdo Paulo over the years 2001-04.
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Fi1G. 2. Daily average AOT at 532 nm for the period 2001-04,
when both the lidar station and sun photometer were operational.

3. Results and discussion

The lidar and sun photometer data were acquired in
a 4-yr period (1 January 2001 up to 31 December 2004).
In Fig. 1 we present the number of days per month,
where lidar data were obtained for the whole period of
observations. From this figure one can realize that most
of the lidar measurements have been obtained in the
so-called dry season when the atmospheric pollutant
dispersion is worse and the air quality in the city
reaches its critical values. Among these data, we have
selected only those for which simultaneous Cimel data
are also available. Figure 2 shows the daily mean AOT
values obtained by lidar at 532 nm for the 4-yr period.
We see that the mean AOT values span from 0.05 to
0.9. An increasing trend of the AOT values is clearly
visible in the lidar data, as well as in the relative Cimel
data showing the mean LR values (Fig. 3), from which
it would be very premature to take any conclusions at
present. However, if the increasing trend was related to
local air pollution sources, one should also find increas-
ing trends of suspended particles over the city, which is
not the case according to locally available data (not
shown).

In Fig. 3 we can certainly see peaks over 140 sr, in-
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Fi1G. 3. Daily average Cimel LR at 532 nm for the period 2001—
04, when both the lidar station and sun photometer were opera-
tional.
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F1G. 4. Cimel LR for the period 2001-04, when both the lidar
station and sun photometer were operational.

dicating aerosol with strong absorption. However, the
most plausible reason for this enhancement in the LR
would be due to the fact that calculations carried in the
process take a spherical aerosol distribution (Cattrall et
al. 2005). Using the LR values retrieved from the lidar
data by the “tuning method” described above, we show
in Fig. 4 the ratio between the LRs retrieved by the two
methods, in which one sees that there is an average of
about 1.8 larger values when using the Cimel LRs in
comparison with the ones retrieved by the lidar. One
can observe, though, some cases in which those ratios
are larger than 5. Those LR values when normalized to
the lidar ones (Cimel LRs divided by 1.8) still suggest a
larger extinction over backscatter that can at first sight
indicate the presence of biomass burning aerosols that
can reach the city of Sdo Paulo in some instances (Lan-
dulfo et al. 2003).

The other aspect we wished to examine was a pos-
sible seasonal signature in aerosol properties over Sao
Paulo, since we highlight in this part of the country two
different seasons: the wet season spanning from March
until June and the dry season between July and No-
vember. For that reason we have separated the mea-
sured LR mean values for these two seasons and the
respective results are shown in Fig. 5. Thus, we see that
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F1G. 5. Seasonal Cimel LR distribution between the dry and wet
season for the 2001-04 period.
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FIG. 6. Seasonal LR distribution between the dry and wet
season for the 2001-04 period.

there are, in general, larger LR values (58 * 19 sr)
during the wet season, when compared to the ones ob-
tained during the dry period (47 = 16 sr), although, the
frequency counts are higher during the dry season. The
uncertainties shown here are those obtained from the
Gaussian fitting of the data, while during the iteration
explained above they are about 10%—-15% of the indi-
vidual LR obtained. However, our data are not statis-
tically significant, so definite conclusions cannot be
drawn for the moment. The dry season LR distribution
shows a nearly Gaussian distribution, around the LR
value of 40-50 sr, while the wet season LR distribution
deviates more from the Gaussian distribution, with a
central LR value of 50-60 sr. These findings, in any
case, show that during the wet season the LR values are
greater, which indicates that larger absorption by the
aerosols takes place during this period.

Evaluating the Cimel LR seasonal distribution (Fig.
6) we find a similar behavior, as before, and that the
mean LR values are on the order of 78 = 20 sr on the
wet season and about 69 = 19 sr in the dry season,
although the frequency counts are more important dur-
ing the dry season. This trend is observed in the AOT
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FIG. 7. Seasonal lidar AOT at 532 nm in the dry (July-November)
and wet (March-June) season for the 2001-04 period.
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distribution shown in Fig. 7, as one can see that the
smaller values are more concentrated in the wet period
than in the dry season, thus highlighting the better air
quality in that period. A similar behavior is shown in
Fig. 8, concerning the AOT values at 532 nm, where
again the dry season presents the higher frequency
counts.

Regarding the seasonal distribution of the Angstrém
exponent values evaluated from the Cimel data (Fig. 9),
we see that most of the AE values range between 1.3
and 2 for both periods (wet and dry), which means that
mostly fine particles (related to anthropogenic activi-
ties) are found above our measuring site, following a
bimodal frequency distribution. Figure 10 shows the
AE versus LR values from the Cimel measurements
during the 2001-04 period. In this figure we can see that
in general, most of the AE values are between 1.3 and
1.9, thus indicating the presence of rather small par-
ticles, having LR values mostly between 40 and 100 sr.
We also find a tendency in the larger particles (AE <
1.2) to present higher LR values (LR > 60 sr) and thus
show a higher absorption, which might result from the
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FIG. 9. The Angstrom exponent seasonal distribution.
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FiG. 10. AE vs LR values from Cimel measurements during the
2001-04 period.

mixture of anthropogenic and biomass burning aerosol
particles.

4. Conclusions

In this paper we examined the seasonal distribution
of the AOT, LR, and AE values, as well as the corre-
lation between AE and LR values derived by lidar and
sun photometer data. The analysis of these data showed
an important trend in the seasonal signature of the LR
indicating a change of the predominant type of aerosol
between the dry and wet seasons. Thus, during the wet
season, the LR values are greater (50-60 sr), which
indicates that larger absorption by the aerosols takes
place during this period. The corresponding AE values
range between 1.3 and 2 for both periods, which means
that mostly fine particles (related to anthropogenic ac-
tivities) are found above our measuring site, following a
bimodal frequency distribution. This trend is observed
in the AOT distribution, as the smaller values are more
concentrated in the wet period than in the dry season,
thus highlighting the better air quality in that period. A
tendency was also found regarding the larger particles
(AE < 1.2)—measured mostly during 2004—that pre-
sented higher LR values (LR > 60 sr) and thus showed
a higher absorption, which might result from the mix-
ture of anthropogenic and biomass burning aerosol par-
ticles.
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