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ABSTRACT

A review of current lidar techniques summarizes present capabilities to: (1) measure atmospheric concentrations of most
major and several minor molecular species using Raman scattering and DIAL techniques, (2) detect and measure
concentrations of certain trace level species, (3) characterize active dynamical processes in the troposphere based upon
using water vapor as a tracer, and (4) describe interesting thermodynamic properties based upon rotational Raman
temperature profiles, multi-wavelength aerosol distributions, and changes in the phase states of water. Advances in lasers
and detectors have extended the range of wavelengths available through the ultraviolet, visible, and infrared spectrum by
using tunable laser techniques and supercontinuum broad spectrum lasers. Prior studies are reviewed, several
applications for the technology are suggested which extend the techniques proposed to future investigations. In
particular, the extension of tunable laser sources into the ultraviolet region has opened opportunities to use resonance
Raman techniques, which provide greatly increased sensitivity for certain molecular species, such as hydrocarbons. The
developments of supercontinuum lasers and tunable OPO lasers has enabled long-path trace concentration measurements
of molecular spectra lines to detect and measure the concentrations of many species, as well as to distinguish any
interfering species.

Keywords: Raman Lidar, DIAL, Supercontinuum Absorption Lidar, Resonance Raman, Atmospheric Chemistry,
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1. INTRODUCTION

An overview of several earlier measurements using laser remote sensing techniques provides a description of our current
ability to measure atmospheric properties. Several of these example measurements are selected to show a few selected
scientifically interesting results, and to demonstrate the capabilities that presently exist. Advancements in lasers and
detectors during the last few years open new opportunities to measure the properties of the lower atmosphere, such as
profiling the chemical species and aerosol concentrations, following the dynamical processes of convective mixing and
turbulence, examining the microphysical thermal processes that govern cloud formation and phase state changes, and
detecting trace concentrations of chemical species resulting from industrial air pollution and biogenic processes.
Wavelength tunable lasers and broad band supercontinuum lasers open opportunities to measure resonance Raman
processes in the UV region and molecular absorption techniques at infrared wavelengths, these techniques now allow
measurements of trace levels of chemical species using the unique spectral signatures resulting from optical scattering
and absorption of molecules. Dynamical processes in the lower atmosphere are studied by using water vapor as a tracer
of dynamics; examples of daytime convection, weather front motion, Boer waves, and cloud convection are examined.
The microphysical thermodynamic processes that result in cloud formation can be studied using Raman lidar
measurements of temperature and water vapor distribution surrounding cloud formations, the particle size changes
observed using multi-wavelength measurements of optical extinction, and detecting phase changes of water. The relative
variations between the vapor, liquid and solid phases of water can be observed in the Raman spectra; these exhibit
wavelength shifts of the Raman scatter signature caused by changes in bond strengths. The measurements of the
evolving physical properties of clouds and studies of processes in the growth and dissipation of clouds should help in
better understanding the radiative forcing that is still of much concern in climate change studies. The many different
properties that can be simultaneously measured using a Raman lidar make it a valuable tool for these investigations.
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The first Raman measurements of atmospheric properties with lidar were carried out in the late 1960's by Leonard [1]
and Cooney [2]. Two years later, Melfi et al. [3] and Cooney [4,5] showed that it was possible to measure water vapor
profiles using the Raman lidar technique. A significant contribution made by Inaba and Kobayasi [6] who suggested in
1972 that many different molecular species could be measured using vibrational Raman scattering. While early tests [3-
5,7] showed that it was possible to measure the water vapor with limited range and accuracy, later investigations showed
significant improvements. Many groups began making use of the capabilities of Raman lidar for measurements of the
atmosphere during the 1980’s; a useful summary of activities for water vapor measurements by DIAL and Raman lidar
was given by Grant [8]. Also, this period included development of the rotational Raman lidar to profile temperature,
beginning with an early measurement by Arshinov et al. [9]. Summaries with examples of some of these developments
in the 1980’s and 90’s have been prepared [13-15]. Lidar investigations during this period also focused on measuring the
middle atmosphere density variations due to gravity and planetary waves, aerosols introduced into the stratosphere by
volcanic activity, and temperature profiles through the mesosphere and stratosphere [16-22]. During the 1990’s, several
research groups demonstrated convincingly that the Raman techniques provide accurate remote sensing measurements of
water vapor and temperature profiles, with high temporal and spatial resolution [23-34].

Laser remote sensing techniques give the ability to investigate atmospheric processes, provide meteorological data,
measure air quality, and monitor industrial and commercial chemicals in real time for extended periods of time.
Examples of optical scattering measurements are presented here from our research using Rayleigh, Raman, and DIAL
lidar instruments to show a portion of the wide range of atmospheric properties and applications. This paper also
includes a brief look at several topics of more recent interest: air pollution events [36-40], aerosol profiling, bi-static
aerosol characterization [15,44-49], resonance Raman for high sensitivity measurements [50], MWIR lidar for
measurements of trace species [51], and long-path supercontinuum lasers [52-54]. The later two techniques advance the
use of DIAL lidar techniques by taking advantage of new technologies. We conclude by showing a few examples of
striking atmospheric features that deserve further investigation. This range of examples is intended to show the value of
long time sequences of lidar measurements to study processes that cannot be observed using the snapshots from point
sensors on balloons, met-rockets, and aircraft.

2. MEASUREMENT CAPABILITIES

Many simple Rayleigh lidar instruments, referred to as micro-pulse lidar, are deployed around the world today by
meteorologists, as well as atmospheric researchers, who are interested in the information that can be gleaned from the
backscatter profiles. A time sequence of the backscatter profiles provides a useful picture to describe the temporal
changes in the aerosol scattering. Changes in the boundary layer are easily observed and even sub-visual clouds can be
detected in the troposphere. A Rayleigh lidar is relatively inexpensive and is generally easy to operate. The results
provide mostly a qualitative view of the atmosphere, although quantitative measurements of cloud height, boundary
layer thickness, and relative changes in the aerosol backscatter intensity can be acquired. Figure 1 shows the
measurements from an eye-safe micro-pulse lidar during a six-hour period between 8 AM and 2 PM local time (LT). The
normal daytime growth of the boundary layer is observed as the convection cells generated by surface heating carry
moisture aloft and generate aerosols in the cooler atmosphere above. These instruments provide an interesting picture of
the time sequence of events as weather fronts approach, and indicate improving or worsening weather conditions. The
Rayleigh lidar technique can also be used to study middle atmosphere properties, where the aerosol scattering
component is very small. If one uses a larger laser transmitter and telescope receiver, the signal returns from the
stratosphere and mesosphere can be used to study the wave variations in the density and measure atmospheric
temperature profiles [16-22]. The temperature profile is calculated from the molecular profile gradient by integrating
downward from the top of the backscatter profile using the hydrostatic equation in the aerosol-free regions of the
stratosphere and mesosphere.

The Differential Absorption Lidar (DIAL) and Raman lidar techniques have been used for measuring gas concentrations
in the lower atmosphere. DIAL uses two laser wavelengths to ratio signals of a molecular absorption line (on-line) with a
nearby wavelength in a region of no absorption (off-line) in the backscatter profiles. An early comparison of the DIAL
and Raman lidar techniques discussed the capabilities and limitations of each [8]. The DIAL technique had only limited
application before the recent availability of tunable lasers, but the advent of optical parametric oscillators (OPO) and
diode lasers made it easier to match a laser output with useful molecular absorption features. The advantage of DIAL
over Raman lidar techniques is that the cross-sections for absorption are larger (1000X) compared to Raman scattering;
however, output power typical of OPO lasers and diode lasers is relatively lower, and DIAL techniques rely on the
presence of aerosol scattering. Also, Raman lidar can simultaneously measure the signals from several chemical species.

Proc. of SPIE Vol. 9080 90800Z-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/02/2014 Terms of Use: http://spiedl.or g/terms



Backscatter Profile (PhE/usec) Micro Pulse Lidar 08/18/98 12:00-17:59 UTC

Altitude

50 100 150 200 250 300 350
Time (minutes)
T T

1 1

0.5 1 1.5 2
PhE/usec

Figure 1. A time sequence of backscatter profiles during a 6-hr period from 8 AM to 2 PM shows the growth in thickness of
the PBL during the morning hours and initial development of summer afternoon rain clouds [15].

An advantage of Raman lidar is that the signature can be measured using any laser wavelength in the visible or
ultraviolet wavelengths. Figure 2(a) shows a diagram of the vibrational and rotational energy levels that are associated
with Rayleigh and Raman scattering [13,14]. Rayleigh scattering (left side) occurs when a photon interacts with the
vibrational ground state of a molecule, where most molecules reside at normal atmospheric temperatures, and the
molecule scatters the photon at nearly the same energy. The scattered photon can be shifted slightly by the Doppler
velocity of the molecule. Molecules that are Raman active, meaning that a phonon can induce change in polarizability
and can scatter to a Stokes level, reducing the photon energy and leaving the molecule in an elevated vibrational level,
resulting in a red-shifted photon. Since the vibrational energy states are unique to a molecule, the spectrum of Raman
shifted Stokes transitions provide a fingerprint to identify the species present, and the intensity quantifies the
concentration. If the molecule already exists in a higher vibrational level, it can undergo anti-Stokes scattering and takes
with it the energy of the vibrational level, thus it is blue-shifted. The ranges Stokes and anti-Stokes wavelength bands for
the Nd:YAG laser fundamental, and its harmonics, are shown in Fig. 3(a). The locations of wavelength shifts are shown
for many common molecules in Fig. 3(b) [6]. The cross-sections for Raman scattering are small, Stokes scattering is a
factor of thousands smaller than Rayleigh scattering, and anti-Stokes is even less likely because it requires the molecule
to already be in a vibrational state (tenths of an eV), which is unlikely at normal atmospheric temperatures. Figure 2(a)
also schematically shows a spectrum of the relative intensities of the scattering signals expected for a 2™ harmonic
Nd:YAG laser at 532 nm. Note that rotational Raman bands (Stokes and anti-Stokes) are associated with each
vibrational energy state. The ratio (660/607) of the vibrational Raman signals of water vapor and molecular nitrogen
provide the signal to determine the water vapor concentration. The rotational Raman bands (Stokes and anti-Stokes) in
Fig. 2(a) are shown in detail in Fig. 2(b) for a 532 nm laser scattering in air [14]. The rotational states are described by
the Maxwell-Boltzman distribution for a gas in thermal equilibrium, and changes in the shape of that distribution
describe the changes in temperature. The variation in the ratio of intensities in the rotational Raman energy levels for the
signals at 528 nm and 530 nm provide a measurement of atmospheric temperature. By measuring the ratio of scattered
signals at two wavelength pairs, 660/607 (H,O/N,) and 528/530 (two points on the temperature distribution of energy
states), the water vapor and temperature profiles can be calculated. The measured ratios are used, together with the
relative sensitivity of the two detectors (obtained by switching the input channels or using a standard source) and the
laboratory values of cross-sections, to calculate the water vapor concentration profile, and a similar approach is used to
obtain the temperature profile.

Figure 3(a) shows the Stokes and anti-Stokes bands of Raman scattering for an Nd:YAG laser and its harmonics. The
figure indicates the range of the Raman scattered wavelengths. The frequency shifts expected for many molecular
species are shown in Fig.3(b), and those shifts for N,, O, and H,O are indicated for an Nd:YAG laser [6].
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Figure 2. Raman lidar energy states: (a) schematic energy levels and spectra shows Rayleigh scattering and Raman scatter
for Stokes and anti-Stokes components of an Nd:YAG laser 2™ harmonic at 532 nm [13-14], (b) the scattering cross-
sections of the N, and O, rotational Raman lines around the 532 nm (AJ = 0) elastic scatter line [14].
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Figure 3. Raman signal intensity: (a) wavelength bands in which Stokes and anti-Stokes vibrational Raman scatter signals
can be observed are shown for the 2™, 3™ and 4™ harmonics of the Nd:YAG laser, (b) frequency shifts for many common
Raman active molecules are shown, and the expected wavelengths for the N,, O,, and H,O molecules are indicated [6].
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Another more subtle advantage of Raman measurements for atmospheric molecules is that the N, signal provides a good
reference to determine the concentration for all of the Raman active species present. The scattering intensity for both
Raleigh and Raman scattering depends on v*, and thus a laser at ultraviolet wavelengths has a signal detection advantage
until atmospheric extinction becomes important. The species concentrations, temperature profiles, and aerosol optical
properties can be measured. The aerosol optical extinction profiles are obtained from gradients in the measured
molecular profiles, which include the vibrational Raman profiles of N,, O,, and the rotational lines near the band peaks,
compared to the hydrostatic profile for atmospheric conditions. A major advantage of these Raman lidar techniques is
that the quantitative values of optical efficiencies of the transmitters, receivers, and detectors are not needed.

Figure 4 shows an example of the water vapor profile measured with the LAMP Raman lidar at Pt. Mugu Naval Station
CA in 1993 [14]. Measurements of specific humidity, or water vapor mixing ratios, are determined by taking the ratio of
the signals from the vibrational Raman shift for water vapor and nitrogen. The profile in Fig. 4 shows a water vapor
measurement with bars at +1 o standard deviation. The water vapor profile that would be expected at 100% relative
humidity is plotted from calculations using the measured temperature profile. To make lidar measurements during
daylight conditions, the "solar blind" region of the spectrum between 260 and 300 nm is used. The “solar blind” region is
darkened by the stratospheric ozone absorption of solar ultraviolet radiation. The visible channels (660/607) are
available at night and the ultraviolet measurements (294/284) are used day and night [29]. The water vapor is a
particularly important tracer of the tropospheric dynamics; it is the best indicator of the thickness of the planetary
boundary layer, daytime convection processes, atmospheric waves and turbulence, and other dynamical features [25-33].

The temperature profile in Fig. 5 is measured from the ratio of signals at two wavelengths within the distribution of
rotational states [14,26,30]. Band filters for rotational Raman signals near 527 nm and 530 nm in Fig. 5(b) are used to
calculate the atmosphere temperature values that are shown at 75 m steps with +1 ¢ bars.

Raman lidar is particularly useful for describing the aerosol properties. Optical extinction includes contributions from
both absorption by chemical species and scattering by molecules and particles. The Raman scatter profiles of the major
molecular species can be used to calculate profiles of optical extinction. The gradients in the measured molecular
profiles, at 607 nm (N2), 530 nm (N, + O,) and 284 nm (N2) are used to calculate the extinction shown in Fig. 6 [14,35].
Comparison of optical extinction profiles at different wavelengths can be used to describe changes in the particle size
distribution as a function of altitude. These measurements can then determine the air mass parameter, atmospheric
optical density, and visibility. Optical extinction is determined from the gradient of the molecular profile compared with
the expected molecular density gradient. Solving the lidar equation for the aerosol extinction uses the equations,
d
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The extinction profiles at 530, 607 and 284 nm measured in Philadelphia during NEOPS and in Hesperia during
SCOS97 are shown in Fig. 6. The differences observed between the 530 nm and the 607 nm profiles, and the ultraviolet
extinction are due to the size distribution of aerosols (the ozone absorption and molecular scattering are removed) [39-
43]. The multiple scattering by the larger particles in the upper cloud layers removes the wavelength dependence.

The ozone profiles in the lower troposphere are measured using a DIAL analysis of the ratio of the vibrational Raman
signals for nitrogen (284 nm) and oxygen (278 nm), which are on the steep side of the Hartley band of ozone [35-38].
The Raman shifts for N, and O, are used to calculate ozone profiles. Since the O,/N; ratio in the lower atmosphere is
constant to within about 1:10°, variations in the vertical profile of this ratio can be associated with absorption due to
ozone. Figure 7 shows the lidar profiles of ozone measured by the LAPS lidar instrument and an aircraft point sensor
while it circled the lidar beam during a set of measurements in the NEOPS program. The figure also shows the location
of Raman shifted wavelengths on the sloping side of the Hartley band. The laboratory measured cross-sections are used
in a DIAL lidar analysis to calculate the concentrations of ozone. The primary error source in the measurement depends
only on the statistical error associated with the signal strength, it was typically 1 to 5 ppb below 1.5 km.

Proc. of SPIE Vol. 9080 90800Z-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/02/2014 Terms of Use: http://spiedl.or g/terms



(a) 60 L] ':- L3 !' L] T L) '. T L] (bgz
55 Lidar and Rawinsonde _ .
05/09/93 23:30 EDT i r*=099 L5
50 4 10 {
as}t 1 & :
wol | &t N
| LIDAR | @ A
g 30} i .%5 i 7
25} ! g
" 100% RH 4 . 4
2.0 B .".’_/ -1 ; .‘
15} .
' 2 r - =
104 :
OS5t , , 4 T G |‘.::f‘v‘| 7] 0 ~ 1 1 ] L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 3] 8 10 12
5 s g wv from Lidar
H,0 Mixing Ratio (g/kg) ko)

Figure 4. Raman lidar measurements of the water vapor mixing ratio compared with a rawinsonde balloon profile obtained

simultaneously: (a) Vertical profiles of the lidar (75 m resolution) with + 1 ¢ (standard deviation) bars on the profile, (b)
plot shows the correlation coefficient between the lidar and rawinsonde balloon measurements [14,25].
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Figure 5. (a) Raman lidar temperature profile is compared with a simultaneous rawinsonde balloon, (b) temperature profile
calculated from the ratio of 528 to 530 nm signal profiles for two narrow-band filter channel signals from the rotational lines
in the anti-Stokes Raman rotational spectrum wing (see the rotational Raman spectrum in Fig. 2(b)) [14,26,30].
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Figure 6. Optical extinction profiles at different wavelengths: (a) profiles exhibit a scattering cross-section dependence on
particle size, aerosol density, and scattering wavelength, also the wavelength dependence shows whitening due to multiple
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Figure 7. The ozone concentrations: (a) measured by Raman lidar with aircraft measurements provided by Bruce Doddridge,
UMD, (b) the region of the DIAL analysis using the ratio of N, (283.3 nm) and O, (277.6 nm) shows absorption of Raman
scatter signals on the steep side of the Hartley band of ozone [14,35-38].
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3. STUDIES OF THE ATMOSPHERE

Lidar provides a special capability to make hundreds of profiles each day, and then profiles can be plotted in sequences
to study the time variations of dynamical/chemical processes that control the atmosphere as it moves past the instrument
location. Figure 8(a) shows three profile sequences of LAPS lidar aerosol optical extinction, ozone, and water vapor
during a period of 24 hours when a significant air pollution event occurred at the Philadelphia NARSTO-NEOPS site
[35,36]. Beginning at 8 AM EDT, the water vapor profiles shows the growth of the morning PBL (the outer scales of the
convective eddies are observed), while moist air from the nighttime residual layer brings in a polluted air mass (back
trajectory shows it came from Ohio Valley). When the PBL rises sufficiently, it rapidly transports the polluted air to the
ground, where thermal decomposition of precursor chemicals (probably PAN) quickly produces smog and ozone by
photochemistry. Notice that the water vapor data provides an effective tracer of dynamics during the period. Figure 8(b)
shows profiles of water vapor when an instrumented aircraft circled the lidar beam and a rawinsonde balloon made
measurements for comparison [14,37]. The aircraft data were obtained during the two periods indicated on the graph and
compared below to the LAPS lidar profiles (with +1 o bars). The profile obtained with a rawinsonde balloon is
compared with a lidar profile about 30 minutes earlier (see 3™ plot); however, a visual inspection shows that the two
techniques agree well when compared in the same time interval as the balloon rises through a structured boundary layer.
The value of continuous measurements using lidar is demonstrated in this data set. A meteorologist observing a
continuous data set, such as that produced by the Raman lidar, has a much better grasp of the atmospheric conditions.

The Raman lidar 6-hour sequences of water vapor and temperature profiles measured in the Gulf of Mexico onboard the
USNS Sumner in 1996 are plotted in Fig. 9 [14,15,56]. These profiles are used to calculate the relative humidity
variations during the period (see top right-hand panel). The relative humidity shows higher values near the top of the
boundary layer that can lead to cloud formation. An examination of the measured optical extinction by small particles
during this period (see lower right panel) does show the formation of light clouds. Another interesting property that can
be calculated from the same data is the RF refraction variations due to gradients in water vapor, and those can impact
radar propagation [31,32].

One of the recent topics that we have explored is the possibility of using resonance Raman scattering to identify and
measure the trace concentrations of selected species. We found that liguid aromatic compounds have the much
unexpected property of a very strong resonance in Raman scattering when a tunable laser approaches and overlaps an
electronic absorption feature in the vapor spectrum [50]. Figure 10(a) shows a portion of the vapor ultraviolet absorption
spectrum of benzene, and Fig. 10(b) shows the intensity of the Raman scatter as a tunable OPO laser, which is
illuminating benzene liquid from the bottom, is stepped across an absorption feature in the vapor spectrum [50]. The
response is as if an instantaneous interaction of the photon with the molecule scatters without communication with
neighboring molecules, whereas an optical spectrum of liquid benzene does not show any peak at that wavelength. This
family of chemical species and others provide interesting subjects for future resonance Raman lidar investigations.

A 3-A DIAL lidar was developed with ITT between 2002 and 2007 for aircraft measurements to detect natural gas
pipeline leaks, and the ANGEL program then became a commercial service business [51]. Figure 11 shows the MWIR
DIAL lidar instrumented aircraft, and two examples of measurements obtained during the testing program. The two
panels on the right show the ground track of the aircraft, the top shows the laser shot pattern on the ground that was
controlled by an on-board GPS pointing system aiming at the mapped coordinates of a buried pipeline. The lower panel
shows the location of a potential leak, which was found in a coupling at that location. The lower left panel shows another
case where the lidar scan pattern is centered on the map location of a buried pipeline, and two methane leaks are located,
the scale indicates the concentration that the aircraft lidar detected.

Figure 12 shows one example of data from the new Supercontinuum Absorption Lidar (SAL), which has been used to
measure the concentrations of gasses on long paths [52-54]. In this case, the water vapor concentration, measured in the
1420 to 1460 nm spectral band, is compared with the MODTRAN™S5 spectrum, with the concentration adjusted to the
measured value. The spectral features align well with the model calculation (the model must be adjusted to account for
the index of refraction of air at this resolution). The wide spectrum of the supercontinuum laser can be used to perform a
DIAL analysis of many on-line and off-line ratios, and repetitively, so accurate measurements are obtained. It can also
measure trace species while avoiding any interfering contaminating species.

Figure 13 is given to inspire future investigations by showing a few cases with very interesting atmospheric features
involving dynamical process which cannot be observed without the special ability of lidar to measure continuously.
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Figure 8. Time sequences of lidar profiles provide a unique lower atmosphere picture of the dynamics and chemistry: (a) 24-
hour sequence from 8 AM EDT during an air pollution event [35], (b) water vapor profiles of Raman lidar, an aircraft
instrument circling the laser beam, and a locally released rawinsonde balloon launch are compared to demonstrated water
vapor as a useful tracer of dynamical processes (aircraft measurements provided by John Carroll, UC Davis) [14,35-37].
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Figure 13. Interesting dynamical processes in
the lower atmosphere: (a) Bore wave and
gravity wave damping observed as a front
passed the Raman lidar during a 6-hr data set
between 8 PM and 2 AM LT on July 9-10 1999
at the EPA NARSTO-NEOPS field site in
Philadelphia, (b) Buoyant oscillation forced by
a pressure wave at the Brunt-Vaisélé frequency
observed at Point Barrow Alaska on 27 May
1998 4-10 AM LT during the arctic springtime
(c) convective cloud development over the
ocean ‘sips’ water vapor directly from the
marine boundary layer, (d) observing the
development of clouds with different
wavelengths differentiate the smaller from the
larger particles and indicates whether the cloud
is in process of growth or dissipation [15,56].
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The cases shown in Fig.13 include several of the rarely observed features that should be studied to further help our
understanding of these complex dynamical processes in the lower atmosphere, and it includes an example from a study
of cloud evolution [55,56,58]. An interesting observation was already pointed out in Fig. 8(a), the water vapor data
shows the outer scale of the convective cells growing to form the daytime boundary layer. Figure 13(a) shows an
internal bore wave occurrence during a 6-hour sequence of water vapor profiles on the night that followed a major air
pollution event at the Philadelphia NEOPS field site. The feature appears as a damped pressure wave. It coincided with
the passage of a low pressure front through the area. Another event similar was studied 25 years earlier using a Raman
lidar [57]. Figure 13(b) shows a buoyant oscillation forced at the Brunt-Viiséld frequency that we observed at Point
Barrow Alaska on 27 May 1998 4-10 AM local time during the arctic springtime. The fact that the oscillation occurred
for a long period suggests that the source may have provided energy into the atmosphere for a more extended period than
the oscillation shown in Fig. 13(a) that damped more quickly. Figure 13(c) shows two data sets when moisture was
effectively transferred into the base of forming clouds from the marine boundary layer. The measurements were made as
the LAPS lidar traveled through the Gulf of Mexico onboard the USNS Sumner in 1996. The convection appears to be
‘sipping’ water from the marine boundary layer. Figure 13(d) shows the profiles of the optical extinction at two
wavelengths as the aerosols contribute to cloud formation. At the same time, the Raman lidar measured profiles of water
vapor and temperature. By combining these types of data with measurements of the lidar measurements of phase
changes in the water, we hope to extend the work of Verghese [58]. These studies are needed to fully understand the
microphysical processes in clouds. This figure also shows the multiple scatter, or ‘whitening,’ of the two-color extinction
in the clouds. The signatures show the changes in particle size and density in the vicinity of the clouds.

While examining the many different atmospheric properties that can be simultaneously measured using Raman lidar
techniques, it is easy to forecast that these types of measurements will be at the forefront of the research to understand
atmospheric processes during the years ahead. As we come to face the climate changes, which are only just beginning,
the Raman lidar provides a useful tool to examine and understand the atmospheric processes needed to help us make the
right policy decisions to minimize risk and damage to our environment.
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