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Boundary layer and air quality
monitoring with a commercial

lidar ceilometer

Christoph Miinkel

Providing small, low-cost lidar systems with novel optical design and
flexible electronics sharpens the view of particles in the lower tropo-
sphere, and enables new environmental monitoring applications.

Lidar (light detection and ranging) remote sensing has enor-
mous potential in atmospheric research and air quality
monitoring,! made possible by the portion of emitted laser light
that is scattered back to the instrument by particles in the atmo-
sphere. The recorded backscatter profiles could be used, for ex-
ample, to estimate the mixing layer’s aerosol density and thick-
ness, or mixing height (MH). Substances introduced into the
mixing layer become completely mixed by turbulence given suf-
ficient time.

These estimates would be useful in helping comply with Euro-
pean air quality framework directive 96/62/EC, which requires
precise monitoring of pollution loading. The loading can be esti-
mated using aerosol optical thicknesses retrieved from satellite-
based observations,” together with the MH.

High costs, scarcity, and eye-safety considerations exclude re-
search lidar systems as a candidate for a dense MH retrieval net-
work. I show here that eye-safe lidar ceilometers of the sort used
to report cloud base heights at most airfields can, with mod-
est modifications introduced by Vaisala GmbH, provide a cost-
effective alternative.

The traditional ceilometer concentrates on cloud base detec-
tion using either a two-lens or a one-lens approach. The two-lens
design provides little or no laser beam and receiver field-of-view
overlap for collecting aerosol backscatter in the near range up to
100m, a crucial range for air quality applications.

The single-lens design, which uses the same lens for transmit-
ting and receiving, provides full overlap over the whole mea-
suring range, but requires compensating mechanisms to prevent
receiver saturation from direct lens reflections that lower data
quality in the near range. Poor range resolution, low pulse rep-
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Figure 1. Shown is the Vaisala Ceilometer CL31 and a schematic draw-
ing of its optical concept. A hole in the mirror divides the lens into
an inner part used by the transmitter and an outer ring visible to the
receiver.

etition frequency, and long minimum report interval further de-
crease the performance of standard ceilometers.

The shortcomings of both designs are overcome by the novel
optical design of the Vaisala Ceilometer CL31, shown in Figure 1.
This instrument incorporates the advantages of both optical con-
cepts, and the disadvantages of neither. Its fast electronics make
it an all-purpose backscatter lidar, fit for standard ceilometer
tasks and air quality applications.’

The right part of Figure 1 shows the enhanced single-lens de-
sign for the CL31. We use the center of the lens for collimating
the outgoing laser beam, and the outer part to focus the backscat-
tered light onto the receiver. This division between transmitting
and receiving areas is provided by an inclined mirror with a hole
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CL31 backscatter signal from 30 m distance
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Figure 2. The basic monitoring capabilities of the enhanced ceilometer
are shown using various targets. A paper circle stays longer in the laser

beam than the faster moving objects. A chickpea gives a larger return
signal than the smaller sand grain.
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Figure 3. The backscatter density plot of spray drifting away from the
ceilometer is shown. The high resolution of the measurement allows an
estimation of the wind speed.

in the center. The arrangement makes the receiver practically
blind to light reflected by the lens, but still provides sufficient
overlap as close as a 5bm range. A digital signal processor with a
clock frequency of 60MHz manages both data sampling and cal-
culation tasks, using a standard pulse repetition rate of 10kHz.
The layout of the embedded software allows switching between
multiple data acquisition modes. The minimum backscatter pro-
file resolution is 5m in range and 2s in time, and can make mea-
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Figure 4. A convective boundary layer with gradually rising mixing
height (MH) values is shown evolving in the morning hours of a sum-
mer day. The MH estimates based on the gradient method (GM) and
the idealized backscatter method (IBM) are in good accord.

surements out to 7700m. For special applications with a reduced
measuring range, profile report frequencies of 100Hz or more
can be achieved.

Todemonstrate this fastmeasurementmode, we used the 100Hz
report frequency and dropped particles of different sizes and
shapes into the laser beam of a CL31 ceilometer measuring in a
nearly horizontal direction. Figure 2 shows the result. Possible ap-
plicationsin this case areremote detection of falling hailstones and
discrimination between different kinds of precipitation.

The same measurement setup has been used for comparison
between ceilometer backscatter, atmospheric extinction reported
by a transmissometer, and concentration of particulate matter
smaller than 10um (PM10) measured by an in situ instrument.
At visibilities between 5 and 30km, I have found good corre-
lation between backscatter and extinction values and confirma-
tion of the ability of a ceilometer to estimate PM10 concentration
values.*®

Left unattended to run continuously for about a year in an
industrial area, the CL31 reported many different events in its
horizontal measuring path, including dust and smoke plumes
from a nearby asphalt plant, and traces of a New Year firework
rocket launched 1km away. Figure 3 shows a quite exotic appli-
cation: reflections from spray caused by single vehicles after a
rain shower imply that the wind speed in the measuring direc-
tion of the ceilometer is around 4m/s. This is well correlated to
values reported by a nearby wind sensor.
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Figure 4 demonstrates the instrument’s chief air quality ap-
plication, the detection of mixing height. The figure shows
MH determination using two methods. The gradient method
(GM) looks for the steepest descent in the averaged backscat-
ter profiles, while the more sophisticated ‘idealized backscatter”
method (IBM) fits measured profiles to an ideal profile with con-
stant backscatter values within the mixed layer.® The two results
are in general agreement.

Various measuring campaigns carried out by research insti-
tutes and environmental agencies around the globe show that
its enhanced single-lens concept and fast electronics make the
ceilometer CL31 a reliable tool for mixing height assessment.
Low acquisition and maintenance costs make it an ideal candi-
date for a required network. Our next step will be to improve
the robustness of the retrieval algorithms when aerosol density
is low, and in the presence of clouds or precipitation.
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