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5.1 Introduction

Standard lidar systems provide profiles of the attenuated backscatter
signal. These can be assembled into images with spatial and temporal
resolution adequate for practically all problems of atmospheric research.
However, the attenuated backscatter signal is a quantity that is composed
of different atmospheric properties. Extremely valuable for an assess-
ment of the state of the atmosphere, they are hard to extract from the
measured profiles of the attenuated backscatter signal.
We start from the familiar lidar equation

A ct T,
P(r)= Py (ﬁ) Oo(r) (E) B(r)exp [——2/0 a(r )dr} (5.1)

in which P(r) is the power received from range r, Py is the average
transmitted power during the laser pulse, 7 is the receiver efficiency,
A is the receiver area, r is the range to the scattering volume, O(r) is
the laser-beam receiver-field-of-view overlap'function, c is the speed of
light, # is the laser pulse duration, and 8 and « are the atmospheric back-
scatter coefficient and atmospheric extinction coefficient at range r (see
Chapter 1). The integrated extinction coefficient

7(0,r) = /r a(r)dr (5.1a)
0
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or, more generally,

r2
T(ry, 12) = / a(r)dr (5.2)
ri
is known as the optical depth or optical thickness of the atmosphere from
the ground to height r or of a layer between r; and r,, respectively.
Equation (5.1) relates profiles of one measured quantity with the
profiles of the unknown atmospheric backscatter coefficient § and the
unknown atmospheric extinction coefficient «. If we consider that each
of these is the sum of a molecular and an aerosol component and that
extinction, or the removal of light from a straight path through the
atmosphere, is caused by both the part that is scattered and the part
that is absorbed, or

B = Buol + Baer  and (53)

O = Omol,sca T ¥mol,abs + Oger,sca + Qaer,abs» (54)

then we have to solve Eq. (5.1) at each height for six unknowns, a task
that is clearly impossible to carry out. Our knowledge of the atmosphere
allows us to reduce the six primary unknowns to two by a procedure that,
although well known, shall be briefly recalled here.

The magnitude of By is obtained from Rayleigh scattering theory
[1, 2]. Bmo Obeys, for all practical purposes, a proportionality with
atmospheric density. So if ground-level atmospheric temperature and
pressure and the shape of one of the profiles (usually the temperature
~ profile, from a radiosonde ascent or, better, a lidar) are known, then the
profile of Byor is also known. The proportionality factor is

Bror (1)

STP
mol

=1.47 x 107% x ( (5.5)

550 nm)4 o
m-srT,
with standard temperature and pressure (STP) defined as 0°C and
1013.25 hPa, conditions at which the atmosphere contains 2.69 x 10%
molecules per 1m0 [3]. Baer is also known as the absolute (nonnormalized)
aerosol scattering phase function at scattering angle 180° or 7, g (7).
Clmol.sca 18 strictly proportional to Bl (r) and is given by

®mol,sca — ﬁmol(r) X (8/3)7ISI. s (56>

ol abs 1 simply assumed to be zero. Clearly, this is not justified when,
e.g., sizable concentrations of ozone are present and lidar wavelengths
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are used at which ozone is known to absorb. Special techniques must then
be used, e.g., correction algorithms based on the known concentration
profiles measured with alidar (see Chapter 7). Baers Caer,scas AN Caer abs ATC
related with one another in a way determined by particle size, shape, and
the real and imaginary part of the refractive index—provided the particles
are homogeneous, which is not always the case. Clearly this relationship
requires too much information and is too complicated to be useful for
practical purposes. Therefore, Qaer,sca and Otaer abs are considered together
as one unknown Glaer = Uaer.sca + Caer,abss a0 Baer as the other. This still
leaves us with two unknown profiles to be determined from one profile
of measured data.

Essentially two methods have been in use to solve the problem. One,
known as the Klett method, is the assumption of a functional depen-
dency of atze; and PBaer, which then reduces the number of unknowns to
one. This method is described and discussed in detail in Chapter 4; it
suffers from the great variability of aerosols, which leads to deviations
from the proportionality of ctaer and Baer vital for the Klett method to
work. Another is the measurement of two lidar profiles in one of which
Baer = 0. This is the case in Raman lidar. Only molecules, not aerosols,
contribute to the inelastic, i.e., frequency-shifted, Raman backscatter
profile produced by molecular nitrogen and oxygen. From the fact that
the elastic lidar return signal is affected by both cae and Bae, but the
Raman lidar return by o alone, the two profiles can be solved for the
two unknowns (Chapter 4). However, Raman scattering is weak; less
than one photon will be scattered into one of the vibrational Raman lines
for each thousand photons that are elastically scattered by a molecule.
Furthermore, the spectrum of the scattered photons is broad, reflect-
ing the large number of allowed rotational transitions of the scattering
molecule. Raman lidars require powerful lasers and large telescopes in
order to provide sufficient signal strength. Daytime operation is difficult
because the small Raman signal must compete with scattered sunlight
in the optical bandwidth required to collect the rotational lines of the
Raman signal.

>0

5.2 The Principle of High Spectral Resolution Lidar

Another idea based on the use of two measured profiles instead of just
one is high spectral resolution lidar, or HSRL. This method utilizes
the Doppler frequency shifts produced when photons are scattered
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from molecules in random thermal motion. The Maxwellian distribu-
tion of molecular velocities has a width of ~300m/s that produces
Doppler shifts of ~1GHz. In contrast, aerosols, cloud particles,
and other particulate matter move with velocities determined by the
wind (~10m/s) and turbulence (~1m/s) producing Doppler shifts of
~30MHz and ~3 MHz, respectively. As a result, the frequency distri-
bution of light backscattered from the atmosphere consists of a narrow
spike near the frequency of the laser transmitter caused by particulate
scattering riding on a much broader distribution produced by molecular
scattering (see Fig. 5.1).

As in Raman lidar, there are two lidar equations instead of just.one,
but the structure of the equations is a lot more similar as only one wave-
length is involved. Dropping the wavelength dependence, we have for

Signal

Frequency offset (GHz)

Fig. 5.1. Spectral profile of backscattering from a mixture of molecules and aerosols
for a temperature of 300 K. The spectral width of the narrow aerosol return is normally
determined by the line width of the transmitting laser.
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the molecule and the aerosol signal
Puoi(r) = Kot ™2 0/(r) Bmor (1) €Xp (*2 f Oé(r’)dr') and  (5.7)
0

P (r) = Kaerr_ZO(r),Baer(r) exXp (’2 /r O[(l"/)df'/> (5.8)
0

in which the terms K and K ,.; contain all range-independent variables.
The functions O (r) and the extinction term «(r) given by Eq. (5.4) are
the same in the two equations. Once the two constants Kmel, Kaer OF,
rather, their ratio K = Kot/ Kaer have been determined, Egs. (5.7) and
(5.8) can be divided, directly yielding the lidar backscatter ratio

- Baer (1) _ K Poer (1)
Bmol (1) Pl (r) .

High spectral resolution lidars utilize optical filters to distinguish
between photons scattered from molecules and those scattered by aerosol
or cloud particles. Very narrow bandwidth filters are required (~1 GHz).
In addition, the transmitting laser frequency must be locked to the
filter center frequency, and the linewidth must be smaller than the filter
width (~100 MHz). These requirements make HSRLs more difficult to
implement than Raman lidars. However, a HSRL provides much larger
molecular signals and can utilize very narrow bandwidths to block solar
noise.

R(r)

(5.9

5.3 HSRL Implementations

5.3.1 Scanning Fabry-Perot Interferometer

‘The combined particulate and molecular spectrum can be observed using

any frequency-stabilized laser and a scanning Fabry—Perot interfero-
meter. The technique was first proposed and demonstrated by Fiocco
et al. [4] using a line-narrowed cw-argon-iop, laser and a scanning
Fabry—Perot interferometer.

The broadband molecular component of the measured spectrum
can be fitted to predictions of a model molecular spectrum. The back-
scatter ratio can then be determined from the atmospheric density at
the measurement altitude and the ratio of the areas under aerosol and
molecular scattering curves. Because the filter bandwidth is typically
much narrower than the molecular spectrum, the filter rejects most of
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the molecular light. This makes the system efficiency low and the mea-
surement time long. Spectral components are measured sequentially,
allowing temporal variations of the atmospheric conditions to distort the
spectrum. As a result, the spectral scanning approach is unattractive for
most atmospheric measurements.

5.3.2 Fixed Fabry—Perot Interferometer

System efficiency can be improved with nonscanning Fabry—Perot
systems [5, 6]. In this case the Fabry—Perot etalon is locked to the laser
wavelength. Two detectors are employed as shown in Fig. 5.2. One meas-
ures the signal passing through the etalon and the other measures the
reflected signal. Most of the particulate signal passes through the etalon
with only a small fraction reflected. Meanwhile, the Doppler-broadened
molecular signal is divided more equally between detectors. If the spec-
tral transmission and reflection characteristics of the etalon are known,
a model of the molecular spectrum can be used with an independently
supplied atmospheric temperature profile to predict the transmission
of the two channels for both particulate and molecular signals. The
measured signals in the two channels can then be expressed as linear
combinations of the photons scattered from particulate matter and from
gas molecules. These equations can be inverted to separate the molecular
and particulate component, as is shown in Subsection 5.4.3. For more
details see Sroga et al. [7] and Grund et al. [6].
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Fig. 5.2. An etalon-based HSRL. The etalon forms a narrow- -band filter for light
transmitted to the aerosol detector. Light reflected from the etalon is directed to the
molecular detector. A pre-filter (not shown) is used to suppress skylight.
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The nonscanning etalon approach has several advantages: (1) Errors
due to temporal variations in the scattering media are suppressed because
both signals are measured simultaneously. (2) System efficiency 1is
improved because the filter bandwidths are larger, and both trans-
mitted and reflected signals are detected. (3) The etalon can be tuned to
any wavelength. For example, the system described by Shipley et al. [5]
was tuned to operate at the wavelength of an iron Fraunhofer line in the
solar spectrum where background solar light is reduced by approximately
a factor of five. Or in the case of the system described by Grund et al. [61,
the etalon allowed use of a nontunable copper-chloride laser. Also, the
lidar may be operated at UV wavelengths, improving eye safety. The
major disadvantage of the nonscanning approach lies in the sensitivity
of high-resolution etalons to thermal and mechanical perturbations. In
addition, at a given spectral resolution the product of the etalon diameter
and the angular acceptance of an etalon is limited. Reducing the telescope
field-of-view (FOV) can decrease the angular cone of light incident on
the etalon. However, practical constraints determine the smallest FOV.
The only alternative that will maintain the required spectral resolution
as the telescope diameter is increased is to increase the diameter of
the etalon plates. As a result, large telescopes require large, expen-
sive etalons. For example, the systems described in Shipley et al. [5]
and Grund et al. [6] (350-mm telescopes, 350-prad FOV), required
150-mm-diameter etalons.

5.3.3 Atomic and Molecular Absorption Filters

Atomic and molecular absorption filters offer an attractive alternative to
Fabry—Perot-based systems. Researchers at Colorado State University
pioneered this approach using barium vapor filters [8-10]. A dye laser
transmitter tuned to a Ba atomic absorption line at a wavelength of 553.7
nm was used in conjunction with heated (700-800 °C) absorption cells
containing Ba vapor. Light from the receiving telescope was directed
through a beamsplitter with one part of the light sent directly to a detector
while the rest of the light was directed through the Ba cell as shown
in Fig. 5.3. The central peak of the molecular spectrum and all of the
particulate scattering is absorbed, allowing only the spectral wings of
the molecular scattering to pass through to a second detector.

The system proposed by Shimizu et al. [8] was designed to
simultaneously provide atmospheric temperature measurements and
measurements of backscatter coefficients and optical depths. A second
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Fig. 5.3. HSRL detector configuration when using an atomic or molecular absorption
filter. The absorption filter is evacuated and then filled with the absorbing gas. It
is normally enclosed in a temperature-controlled housing to minimize sensitivity to
environmental temperature changes. It is important to control the polarization of the
incoming light to prevent calibration errors caused by the polarization sensitivity of the
beam splitter.

beamsplitter installed behind the first directed part of the light through a
second Ba cell. The second cell was maintained at a higher temperature
than the first cell in order to increase its spectral width. Because the
spectral width of the Doppler-broadened molecular backscatter is pro-
portional to the square root of the temperature, the ratio of the signals
seen by the detectors behind the two Ba cells is a function of the atmos-
pheric temperature. The change in signal ratio due to temperature is
small, making this a difficult measurement. Additional information on
temperature measurements using Ba absorption cells can be found in
papers by the Colorado State research group [8-10].

The atomic vapor version of the HSRL replaces the temperature-
sensitive and mechanically sensitive Fabry—Perot with a robust and stable
atomic absorption filter. It also avoids the acceptance angle limitations
of the Fabry—Perot. The major disadvantages of the Ba filter are high
operating temperatures and lack of a convenient laser source emitting at
the barium absorption wavelength. The Colorado State University group
used a Nd: YAG-pumped dye laser as a transmitter in conjunction with
the Ba vapor filter.

A much simpler implementation of HSRL is achieved when the Ba
cell is replaced with a molecular iodine cell as described by Piironen
etal. [11, 12]. (Related information on the use of iodine absorption cells
in wind tunnel Doppler velocimetry is found in Forkey [13].) The iodine
absorption cell shares the robust spectral stability and wide acceptance
angle of the Ba cell while allowing operation at much lower tempera-
tures (~25 to ~100 °C). In addition, it has several suitable absorption
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lines within the thermal tuning range of the 532-nm frequency-doubled
Nd:YAG laser. (A catalog of iodine absorption lines is provided by
Gerstenkorn and Luc [14].) CW-diode-pumped seed lasers are available
to injection-lock the laser and generate the necessary narrow spectral
line width for the transmitter.

A pair of iodine absorption cells held at different temperatures can
also be used to make atmospheric temperature measurements. This work
is described in Hair et al. [15] and a PhD thesis by Hair [16].

5.4 HSRL Designed for Remote Operation

The latest University of Wisconsin HSRL employs an iodine absorption
cell to separate the molecular signal. It is designed for long-term
unattended operation in the Arctic where it will be controlled remotely
and operate as an Internet appliance. Use of a high-repetition-rate laser
and expansion of the transmitted beam through a 400-mm telescope
reduces the transmitted energy density to eye-safe levels. It is possible
to look directly into the output beam without hazard. Using the same tele-
scope for the transmitter and receiver makes it easy to maintain stable
alignment of the transmitter and receiver although the angular FOV is
only 45 prad. The small FOV and the 4-kHz repetition rate also limit the
near-field signal strength, making it possible to record continuous
profiles that start at an altitude of ~50m and extend to 30km using
photon counting detectors. The small FOV also suppresses multiple-
scattering contributions. Table 5.1 lists the technical data, Fig. 5.4
presents a sketch of the University of Wisconsin unattended HSRL
system.

Table 5.1. UW arctic HSRL technical data

Average transmit 600 mW Optical detectors - “Geiger-mode APDs, PMT
power APD quantum ~60%

Pulse repetition rate 4 kHz efficiency

Wavelength 532nm PMT quantum ~5%

Solar noise 8 GHz efficiency

" bandwidth Data acquisition ~ Photon counting

Angular 45 purad Range resolution  7.5m
field-of-view Maximum time 05s

Telescope diameter 400 mm resolution







