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EXTENDED ABSTRACT

Aerosols play a key role in climate change by affecting Earth’s radiation budget and by
influencing cloud properties and precipitation patterns in the atmosphere (Charlson et al.,
1992). Moreover, local and regional air quality is directly affected by both natural (dust,
pollen, breaking ocean waves, volcanic eruption) and anthropogenic (biomass burning,
fossil fuel, factory and vehicle emission) aerosols. Information on aerosol profiles (temporal
and altitude dependent structure) in the atmosphere and their sources in various parts of
the world is thus essential for atmospheric research studies, air pollution compliance and
investigations on the health effects (Ansmann et al., 2000). However, distributions of
atmospheric aerosols vary greatly both over time and location making it challenging for in-
situ aerosol profiling. Lidar systems are capable of measuring altitude dependent aerosol
properties over continuous time spans and thus are a widely used remote sensing tool for
atmospheric monitoring. Traditional monostatic lidars require expensive electronics to
measure the time of flight of the backscattered light and to calculate scattering altitude
(National Aeronautical and Space Administration, 2019). Air or balloon borne devices can
measure aerosol properties but are expensive and provide only a few aerosol profiles. Some
bistatic lidars used to monitor aerosol near ground levels can obtain a signal only from a
single altitude at a time and require scanning for other altitudes.

Aerosols reside primarily in the atmospheric boundary layer which is within a few kilometers
from sea level. In this study, a camera based bistatic lidar (CLidar) is used to profile
boundary layer aerosols in the atmosphere of Nassau, The Bahamas (Barnes, Bronner,
Beck, & Parikh, 2003; Barnes & Sharma, 2012; Kabir, Sharma, Barnes, Butt & Bridgewater,
2018). Measurements were performed on various days with different weather and
environmental conditions to compare aerosol profiles. CLidar extinction is excellent near
ground level making the system an efficient detector of air pollution at low altitudes in
contrast to traditional lidars which may suffer overlap effects near ground level.

CLidar geometry is demonstrated in Fig.1a. A continuous wave laser at the ground level is
pointed vertically to transmit light into the atmosphere. A CCD camera fitted with a wide-
angle lens is placed a distance D away from the laser source at the ground. Use of a wide-
angle lens (field of view 1540) allows imaging the entire beam from ground to zenith onto
the CCD without the need for scanning for each scattering altitude. At the ground level the
scattering angle, 6, is 900 and at the zenith it approaches 1800. Each pixel in the CCD
image has a constant angular field of view d8 which is calculated using the 900-laser beam
from ground to zenith and the number of pixels used to capture the beam (900/ number of
pixels). A constant angular field of view d6 results in a variable altitude resolution dz
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because a different length of the laser beam is imaged by each CCD pixel from different
altitudes (Barnes, Sharma & Kaplan, 2007). R is the slant range from the scatterer to the
camera.

a) : b

CCD camera
Field of view
> 1000

Fig. 1. (a) CLidar setup. (b) CCD image of the laser light in the night sky of Nassau, Bahamas.

A laser line filter at 532-nm with 10-nm FWHM is used to reduce the background noise. A
guarter waveplate is used to change linearly polarized laser light to circularly polarized light.
During the CCD camera image exposure time of several minutes, the circularly polarized
light imitates unpolarized light for the particle scattering thus making the polarization angle
unimportant and simplifying the analysis. Scattering altitude is determined using dz which
is obtained simply from the geometry of the CLidar (Barnes et al., 2007). Fig. 1b shows a
CCD image of the laser in the night sky of Nassau, The Bahamas. The camera was oriented
to place the vertically pointing laser beam along the diagonal of the CCD chip. The ground
with few buildings is visible at the lower left corner of the image. A cloud free image of the
laser light is used to normalize the signal intensity to a model of molecular scattering at a
region free of aerosol layer. Then, molecular portion is subtracted to retrieve a single angle
aerosol scattering. An aerosol phase function was assumed to convert single angle scatter
to aerosol extinction (Sharma, Barnes, Kaplan, & Clarke, 2011). Corrections due to
transmission effects are then iteratively calculated until convergence is reached. Currently
the setup is limited to nighttime measurements only.

The experiment was conducted at the sports field of University of The Bahamas located
about 2 km from the shoreline and at an altitude of a few meters from sea level. Nassau has
a size of 210 km2 and is situated in the Atlantic Ocean at 25.06 ON and -77.35 OW. The site
is surrounded by several local roads with moderate traffic during the daytime. Fig. 2a
demonstrates a contour map of aerosol extinction as a function of altitude above sea level
(asl) at local time between 19.6 to 21.8 h on 01 February 2018. Twelve images, each having
an exposure time of 10 min, were captured in this experiment. The wind was blowing from
a north easterly direction at a speed of 6 km/h in the evening. Burning garbage was located
at a distance of ~ 600 m NE from the laser source during the experiment. High aerosol
extinction near ground levels (6 to 20 masl) during some CCD exposures are attributed to
the smoke that originated from the burning garbage. Smoke was also visibly passing
through the laser beam producing sparkles at the corresponding altitudes. Extinction was
also high, near 500 masl during 21.6 h compared to other exposure times. In general,
during all exposures, extinction at the ground level is high and sharply drops at 40 masl.
Between 40 and 500 masl extinction increases and then drops gradually beyond 1 km up
until 1.3 kmasl. Extinction nearly becomes zero at 2 kmasl indicating the top of the
atmospheric boundary layer.
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Fig. 2. (a) Contour map of CLidar extinction during local time 19.6 to 21.8 h (00:35 to 2:48 UT)
on 01 Feb 2018. (b) Aerosol extinction as a function of altitude for three different field conditions
at night on October 30,2018.

Fig. 2b demonstrates aerosol extinction as a function of altitude above sea level for three
different field conditions during local time 8:31-10:53 pm on 30 October 2018. Extinction
profile 1 was calculated using the average of three images obtained during cloudless and
apparently pollution free conditions. The exposure time for each image was 10 minutes. The
top of the atmospheric boundary layer was detected at ~1.3 kmasl beyond which aerosol
concentration is nearly zero. Profile 2 shows higher aerosol concentration from ground level
up until ~80 m (see inset of Fig. 2b) due to smoke from a burning garbage located nearly
~450 m from the laser source. Profile 3 demonstrates the base and top heights of multi-
layered clouds that passed through the laser for ~40s during CCD exposure. The
thicknesses of the lower- and upper-layer clouds are calculated to be ~110 and ~160 m,
respectively.

In conclusion, high altitude resolution of the CLidar utility at low altitudes enables in-situ
environmental characterization and the detection of aerosols at low altitudes efficiently. In
the future, we plan to utilize the camera-based Lidar (CLidar) system as star-photometer to
measure aerosol extinction and aerosol optical depth (AOD) simultaneously (Leiterer,
Naebert, Naebert & Alekseeva, 1995; Barnes, Pipes, & Sharma, 2015).

Keywords: Optical remote sensing, aerosol extinction, bistatic imaging lidar, Excellent
altitude resolution, wide-angle lens, cloud thickness, star photometer
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