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ABSTRACT

Suspended atmospheric particles i.e. aerosol particles go through many chemical and physical processes and
those interactions and transformations may cause particle change in size, structure and composition regulated
by mechanisms, which are also present in clouds. These interactions play a great role in the radiation transfer
in the atmosphere and are not completely understood as competing effects might occur which are known as
indirect aerosol effects. Performing measurements and experiments in remote sensing to improve the knowledge
of these processes are also a challenge. In face of that we propose a multi-platform approach based lidar, sun
photometry and satellite observations which should be characterized under a scenario perspective in which given
the cloud height, geometric and optical geometries in a diurnal/nocturnal basis will make possible to apply
different analytical tools in each a set of product that specify the aerosol present in the vicinity of clouds, their
optical and physical properties. These scenarios are meant to aid in tagging the expected products and help
in creating a robust database to systematically study the aerosol-cloud interaction.In total we will present 6
scenarios: 3 under daylight conditions, 3 under at nighttime. Each scenario and their counterpart should be able
to provide the cloud base/top height, aerosol backscattering profile and cloud optical/geometric thickness. In
each instance we should count on a 5 wavelength Raman lidar system measurement, a collocated sun photometer
and CALIPSO/MODIS observation from AQUA/TERRA platforms. To further improve the aerosol cloud
interaction the Raman lidar system should have a water vapor channel or moreover a liquid water channel. In
our study we will present a two-day case study to show the methodology feasibility and its potential application.
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1. INTRODUCTION

In order to forecast and understand better climate changes one has to quantify with good precision and accuracy
the aerosol particles impact. These particles might be of natural or anthropic sources. The most import aspect
is how do these particles affect cloud microphysics? Atmospheric aerosols go through many processes such as
coagulation, phase transition, gas absorption and ultimately chemical reactions, which might occur in clouds,
formed by coagulation of water vapor with pre-existing particles called condensation nuclei and ice nuclei.The
cicles of primary and secundary formation, as well the removal processes are well known.1 The Aerosol- Cloud-
Interaction is a major source of uncertainty as we put climate change in the main focus of discussion, and the
mechanisms and interactions interplaying are several and complex.1 As it is well known, the interactions to
the date are: the increase in aerosol concentration that act as CCN can increase the droplet number in clouds,
decreasing the droplet mean size for the same amount of liquid water, thus the cloud made of several and small
droplets will reflect more incoming radiation as compared with a larger sized cloud droplet in smaller number.2
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As a consequence, an increase in aerosol load leads to a cloud reflectance augumentation, assuming that the
water content stays constant. This effect is also known as First Indirect Aerosol Effect yields a negative forcing,
i.e., cooling. On other hand a reduction in the collision-coalescence processes present in clouds with a great
quantity of aerosols leads to a decrease in precipitation, Albrecth Effect or Second Aerosol Indirect Effect .3 The
precipitation suppression, or at least its extended permanency favours the cloud lifting to higher altitudes and
enhances the water content with correspondent increase in optical depth and in reflectance.The last effect to
mention is the Semi-Direct Aerosol Effect which is caused by particles higroscopic enough in such a way that
cloud formation is inibited and its vertical development. This process affects the radiative balance considerably
and is very sensitive to the vertical distribution of aerosols and clouds.4–7 The aerosol effect on cloud optical
depth and albedo still need to be further explored, and studies on the subject analysed insitu data obtained from
airborne instruments used to observe relative humidity inside a cumulus cloud and an uprise in the scattering
due higroscopicity ranging from 40 to 80 percent.8 There are reports on the relation of aerosol optical depth
and cloud droplet size obtained from satellite data, however there is no clear indication of how far apart aerosol
layers and clouds were.9 When using lidar data, studies concentrate in aerosols close to cloud base or cloud
top when referring to satellite data. Evidences of an increase up to 20% in optical depth about 100 m from
clouds, suggesting humidification and cloud formation processes to be present.10 As speciation takes place like
Saharan dust there is a trend in ice nucleation at temperatures less than 20oC, verified by a polarization lidar.11

Still under Saharan dust domain even layer-cloud distances ranging from 100 to 1000 m showed evidences of
interaction increasing the challenge of treating clouds and aerosols layers as discrete entities.12 CALIPSO data
realized an increase in particle backscattering coefficient in a 15 km spatial domain around clouds and above
the oceans, with a more pronounced increase in lower altitude clouds.13 More recently a more dynamic scenario
was shown14 in an urban environment where cumulus clouds were contaminated by pollution and consequent
increase in OD was observed. In this study we propose a methodology to study ACI with a muli-plataform
remote sensing based in lidar, satellite and photometry instruments.

2. METHODOLOGY

The methodology showed here is based in diferent observational scenarios which employ distinct plataforms
which would suit better to the conditions clouds and aerosols interact. Each one of these scenarios are depicted
in a diagram shown in figure 1.

2.1 Scenario Description

The scenarios follow the availabilty of given plataform data: SATELLITE (CALIOP and/or MODIS), PHO-
TOMETRY (CIMEL sunphotometer) and lidar with the presence of clouds and the aerosol optical properties
in their surroundings. The cloud properties to be observedare base and top height, cloud optical depth ODcloud

and cloud lidar ratio, Scloud, and when available depolarization properties δ. The aerosol products are AODaer,
extinction and backscatter coefficients, αaer and βaer, lidar ratio, Saer, and Naer

∗. The scenarios are organized
as follows:

• I - Lidar diurnal measurements to retrieve top/base cloud heights of optically thin clouds, allowing the
retrieval of AODcloud and Scloud. Aerosol optical properties are retrieved at Nλ wavelengths. According
to satellital overpasses CALIOP/TERRA/AQUA implement the cloud field in the retrieval area aided by
sunphometric measurements after cloud screening data become available.

• II - Lidar diurnal measurements to retrieve top/base cloud height of optically thick clouds, allowing the
retrieval of AODcloud and Scloud. Aerosol optical properties are retrieved at Nλ wavelengths. Satellital
overpasses CALIOP/TERRA/AQUA will implement the cloud field in the retrieval area aided by sunpho-
metric measurements after cloud screening data become available.

∗For multiwavelength lidar systems the 3β+2α+δ approach can be employed when a more complete set of microphysical
parameters could be extracted.15
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Figure 1. - Scenarios for selection and identification for an ACI analysis and corresponding products which could be
extracted by each plataform used.

• III - Lidar diurnal measurements in a cloud-free atmosphere,i.e., no clouds in the laser beam path. AODaer

and Saer are retrievable and validated by CALIOP/TERRA/AQUA. Radiometric data helps in the aerosol
closure. In a time-series sequence balance of population and de-population of aerosols induced from cloud
scavenging.

• IV - Lidar nocturnal measurements to retrieve top/base cloud heights of thin clouds, allowing the retrieval
of AODcloud and Scloud. Aerosol optical properties could be retrieved at Nλ wavelengths. Raman lidar
measuremnts increase amount of information about particle microphysical properties plus water vapor
profile and liquid water content.16

• V - Lidar nocturnal in cloud free conditions,AODaer and Saer are retrievable and validated by CALIOP
/TERRA/AQUA. In a time-series sequence balance of population and de-population of aerosol induced
from cloud scavenging and Twilight Zone for inter-cloud aerosols observations.5

Some additional scenarios might be inspected if more equipment are brought to the detection array. The idea
is to have a spatio-temporal analysys of the quantities retrieved in each situation to better comprehend the
dynamics of ACI’s.

3. INSTRUMENTS

The lidar system called MSP-Lidar, is located at Centro de Lasers e Aplicações (CLA) from the Instituto de
Pesquisas Energéticas e Nucleares (IPEN −23◦ 33’ S, 46◦44’ W, 843 m above sea level), in the western region of
So Paulo. The MSP-Lidar is a multiwavelength Raman lidar operating at CLA since 2001.17,18 It is configured
in a monostatic biaxial alignment pointing vertically to the zenith.

The transmission system consists of a pulsed Nd:YAG with fundamental emission at 1064 nm. Additional
emissions at 532 and 355 nm are obtained from second and third harmonic generators. The backscattered signal
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Figure 2. Lidar system used in this experiment.

is collected by a 30cm-diameter Newtonian telescope and split into six spectral channels using dichroic mirrors
and interference filters. The detection and spectral selection is performed at these six channels corresponding to
elastic wavelengths at 532 and 355 nm, and traditional channels for the Raman signals at 607 nm and 387 nm (N2
Raman-shifted signal from 532 nm and 355 nm) and 408 nm and 660 nm (water vapor Raman-shifted signal from
355 nm and 532 nm) and 387 nm (N2 Raman-shifted signal from 355 nm). The instrument is operating with a
vertical spatial resolution of 7.5 m. Since 2008 the MSP-Lidar II system is part of LALINET (http://lalinet.org),
that is a coordinated lidar network focused on the vertically-resolved monitoring of the particle optical properties
distribution over Latin America.19

Table 1. LIDAR system setup.

Laser

Laser type Nd:YAG Laser (ICE 450/CFR)

Wavelengths 355, 532, 1064 nm

Pulse energy 100 mJ (355 nm), 200 mJ (532 nm) and 400 mJ (1064 nm)

Repetition rate 20 Hz

Pulse duration (7 ± 2) ns

Receiver

Optical design 150 mm diameter Cassegranian telescope

Focal length 1000 mm

Field of view ≤ 1 mrad

Transient recorder Licel (TR20-80) 10 - 250 MHz bandwidth
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The CALIPSO satellite was launched in April 2006 and flies in a 705 km sun-synchronous polar orbit with an
equator-crossing time of about 13:30 local solar time, covering the whole globe in a repeat cycle of 16 days.20

The primary instrument aboard CALIPSO is the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP),
a two-wavelength laser (532 nm and 1064 nm) operating at a pulse repetition rate of 20.16 Hz.21 The CALIOP
data products are assembled from the backscattered signals measured by the receiver system and are divided in
two categories: level 1 products and level 2 products. Level 1 products are composed of calibrated and geolocated
profiles of the attenuated backscatter signal and are separated into the total attenuated backscatter profile at 1064
nm, the total attenuated backscatter profile at 532 nm (i.e., the sum of parallel and perpendicular signals) and
the perpendicular attenuated backscatter signal at 532 nm.20,22 The level 2 products are derived from the level
1 products and three different level 2 products are distributed according to the layer products, profile products
and the vertical feature mask (VMF). The set of CALIPSO algorithms uses an aerosol classification scheme to
assign each aerosol layer to one of the six aerosol types, namely dust, biomass burning, clean continental, polluted
continental, marine, and polluted dust.23 Several validation studies were conducted to show the accuracy of the
CALIPSO aerosol classification scheme,24–27 including in the South America region.28

The Moderate Resolution Imaging Spectrometer (MODIS) sensor is on board the polar orbiting satellites AQUA
launched in 2002. The sensor was the first designed to obtain global observations of aerosols with moderate
resolution (between 250 m and 1000 m depending on the wavelength used). MODIS has 36 spectral bands
between 0.4 and 14.5 µm, allowing the generation of several products related to aerosol, such as aerosol optical
depth over the ocean and land with a resolution of 10x10 km (at nadir), and the size and type distribution over
oceans and type of aerosol over the continent.29,30 In this study 550 nm AOD product from aerosol Level 2 were
used.

The AErosol RObotic NETwork (AERONET)31 is an international system of ground-based sun photometers
that provides automatic sun and sky scanning measurements. Using direct sun measurements, AERONET pro-
vides both AOD and the Ångström Exponent (Å), which gives the wavelength dependence of the AOD. By using
multiangular and multispectral measurements of atmospheric radiance and applying a flexible inversion algo-
rithm,32 the AERONET data can also provide several additional aerosol optical and microphysical parameters,
such as size distributions, single-scattering albedo and refractive index. The operating principle of this system
is to acquire aureole and sky radiance observations using a large number of solar scattering angles through a
constant aerosol profile, and thus retrieve the aerosol size distribution, the phase function and the AOD.

4. RESULTS

To put the presented methodology in practice we have selected a day where a multiwavelength lidar was used
in an urban atmophere in São Paulo, Brazil. The so-called Metropolitan Area of São Paulo, one of the largest
megacities in the world, faces several problems related to the air quality due the high concentrations of aerosols
produced either by local sources or by long-range transporting. Concerned with the elevated concentrations
of aerosol and their impact in the air quality and the climate changes inside MASP, a measurement campaign
were conducted during the South hemisphere winter of 2012, when the low temperatures and the low level of
precipitation contribute to the poor dispersion of aerosols. From this campaign we have selected April 2nd,
2015 as shown in figure 3 where 8 periods are indicated and each of them were classified following the scenario
selection presented before. In figure 4, the first two periods, ¬ and , occurred during daytime amd are showed
without and with clouds, respectively, thus they correspond to scenarios III and II, given the fact the cloud is
not optically thin, the sunphotomoter was operational and presented a moderately high AOD about 0,15 and
0,20. The cloud top/base height were 1380 m and 800 m. And a careful inspection of the lidar backscatter
profiles reveals a decrease below the cloud only in the UV profile which could be related to the low beam
energy and the scavenging of smaller particles into the cloud base. The two following scenarios, given by figure
5, depict the same events as before, and periods ® and ¯, are similar, however the cloud is relatively less
thick, about 170 m, and the cloud occur in the top of the mixing layer where the abundance of aerosols is
larger. Periods °, ± and ², ³ were obtained during nighttime, and correspond pairwise to scenarios IV and V,
respectively, in figure6. Sunphotometer products are not available for obvious reasons and satellite products will
not be presented in this example. The products for nighttime measurements include Raman scattering results:
βaer355,532(z),αaer355,532(z),wH2O

N2
(z),Saer355,532(z). It is important to mention that while in daytime the lidar data are
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Figure 3. Period (numerals)- Scenario(roman) selection and identification for ACI analysis.

analysed using the K lett-Fernald Method33,34 thus yielding an average lidar ratio, S
aer

λ , in nighttime the lidar
ratio is given as a profile or layer in the atmosphere, Saerλ (z). Overall this approach helps in observing the
dynamics involved in ACI, however, in pratical terms the filtering process will be extensive in identifying the
different scenarios, and in terms of lidar signal the signal-to-noise ratio is an important pre-processing quantity
as it will directly affect the lidar products obtained and the smoothed profiles. Also when obtaining the water
vapor mixing ratio profiles, a cloud free calibration process should be performed.

Following their classification the lidar data allowed us to obtain the aerosol/cloud quantinties described in
the scenarios descriptions and give in the table below.

Table 2. Scenario × Period classification plus the multi-plataform products.

Period Scenario Lidar Productsp Photometer Products

¬ III βaer355,532(z),αaer355,532(z) & S
aer

355,532 AOD355,532

 II βaer355,532(z) & αaer355,532(z),Z
cloud
top,base AOD355,532 from Period ¬

® III βaer355,532(z),αaer355,532(z) & S
aer

355,532 AOD355,532

¯ II βaer355,532(z),αaer355,532(z),Zcloudtop,base AOD355,532 from Period ®

° IV Zcloudtop,base N.A.

± V βaer355,532(z),αaer355,532(z)r,H2O
N2

(z),Saer355,532(z) N.A.

² IV Zcloudtop,base N.A.

³ V βaer355,532(z),αaer355,532(z)s,H2O
N2

(z),Saer355,532(z) N.A.

pÅ(532/355) additional
rRaman
sRaman
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Figure 5. Periods ®,¯ - Scenarios III,II identification applied to a “curtain plot” (RCS plot) to apply the data extraction
in order to observe ACI’s. Below βaer

355,532 with/out clouds.
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Reunion Española de Ciencia y Tecnologia de Aerosoles ], D4–1,D4–6 (2011).

[13] Tackett, J. L. and Di Girolamo, L., “Enhanced aerosol backscatter adjacent to tropical trade wind clouds
revealed by satellite-based lidar,” Geophysical Research Letters 36(14), n/a–n/a (2009).

[14] Eck, T. F., Holben, B. N., Reid, J. S., Arola, A., Ferrare, R. A., Hostetler, C. A., Crumeyrolle, S. N.,
Berkoff, T. A., Welton, E. J., Lolli, S., Lyapustin, A., Wang, Y., Schafer, J. S., Giles, D. M., Anderson, B. E.,
Thornhill, K. L., Minnis, P., Pickering, K. E., Loughner, C. P., Smirnov, A., and Sinyuk, A., “Observations
of rapid aerosol optical depth enhancements in the vicinity of polluted cumulus clouds,” ATMOSPHERIC
CHEMISTRY AND PHYSICS 14(21), 11633–11656 (2014).

[15] Veselovskii, I., Kolgotin, A., Griaznov, V., Müller, D., Wandinger, U., and Whiteman, D., “Inversion with
regularization for the retrieval of tropospheric aerosol parameters from multi-wavelength lidar sounding,”
Applied Optics 41, 3685–3699 (2002).

[16] Whiteman, D. N. and Melfi, S., “Cloud liquid water, mean droplet radius and number density measurements
using a raman lidar,” Journal of Geophysical Research 104, 31411–31419 (1999).

[17] Landulfo, E., Papayannis, A., Artaxo, P., Castanho, A. D. A., de Freitas, A. Z., Souza, R. F., Junior, N.
D. V., Jorge, M., Sánchez-Ccoyllo, O. R., and Moreira, D. S., “Synergetic measurements of aerosols over
São Paulo, Brazil using Lidar, Sunphotometer and satelite data during dry season,” Atmos Chem Phys 3,
1523–1539 (2003).

[18] Landulfo, E., Papayannis, A., Freitas, A. Z., Vieira Junior, N. D., Souza, R. F., Gonçalves, A., Castanho,
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