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ABSTRACT

Ground based lidar techniques using Raleigh and Raman scattering, differential absorption (DIAL), and supercontinuum
sources are capable of providing unique signatures to study dynamical processes in the lower atmosphere. The most
useful profile signatures of dynamics in the lower atmosphere are available in profiles of time sequences of water vapor
and aerosol optical extinction obtained with Raman and DIAL lidars. Water vapor profiles are used to study the scales
and motions of daytime convection cells, residual layer bursts into the planetary boundary layer (PBL), variations in
height of the PBL layer, cloud formation and dissipation, scale sizes of gravity waves, turbulent eddies, as well as to
study the seldom observed phenomena of Brunt—Viisild oscillations and undular bore waves. Aerosol optical extinction
profiles from Raman lidar provide another tracer of dynamics and motion using sequential profiles atmospheric aerosol
extinction, where the aerosol distribution is controlled by dynamic, thermodynamic, and photochemical processes.
Raman lidar profiles of temperature describe the stability of the lower atmosphere and measure structure features.
Rayleigh lidar can provide backscatter profiles of aerosols in the troposphere, and temperature profiles in the
stratosphere and mesosphere, where large gravity waves, stratospheric clouds, and noctilucent clouds are observed.
Examples of several dynamical features are selected to illustrate interesting processes observed with Raman lidar. Lidar
experiments add to our understanding of physical processes that modify atmospheric structure, initiate turbulence and
waves, and describe the relationships between energy sources, atmospheric stability parameters, and the observed
dynamics.
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1. INTRODUCTION

Anyone who looks at the clouds in the summer sky can appreciate the complicity of the many features, large and small,
that show the many complex dynamical processes that actively move the clouds about. It seems remarkable to observe
the thermodynamic processes that make a cloud grow or shrink, based upon the processes of condensation and
evaporation, in the thermal environments existing within an air parcel. However, Earth’s atmosphere does enjoy
relatively stable conditions, where the solar energy flux input combines with the release of internally stored energy, and
the smaller influences from biological processes and man; those inputs are reasonably balanced by the infrared energy
radiated from the Earth, together with the backscattered radiation from its surface and from clouds. As energy transfers
into and out of the atmosphere, it is governed by optical scattering and absorption of molecules, aerosols, clouds, and by
the surface and cloud albedo. The lower 100 km of the atmosphere is turbulently mixed by thermal convection and
instabilities created by winds and waves that uniformly mix the photo-chemically stable gasses. The Earth’s rotation
results in dynamical features, which are described as planetary waves and winds that experience Coriolis forces and are
forced by orographic features to spawn the large circulation cells, gravity waves, and smaller cells that we observe as the
low and high pressure vortices in our weather systems. The winds also generate gravity waves as air flows across
orographic features, or form smaller cells and waves of various sizes. Winds across a ridge line force the air to rise,
moving the air from its hydrostatic stable condition and resulting in oscillations. Gravity waves are most often an
imperceptible micro-baric pressure variation in lower layers of the atmosphere, but as they propagate upward to altitudes
of lower pressure, the amplitudes of the temperature and density oscillations increase in proportion to the pressure
decrease.
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Gravity waves generally travel great distances because there is little energy dissipation, and they can exhibit
relatively large amplitudes in the density and temperature as the atmosphere thins with altitude'”. At an altitude near 90
km, the growth in the amplitude of temperature and density oscillations have increased by a factor of thousands, and
temperature wave oscillations greater than 10% are often observed in the mesosphere™*’*'*!",

Advancements in lasers and detectors during the last few years have opened new opportunities to improve our
knowledge of the lower atmosphere properties by profiling the concentrations of the primary chemical species,
temperature, aerosol optical extinction, convection, and turbulence, as well as allowing measurements of the
microphysical processes that govern cloud formation and phase state changes'>'®. Advances have also been made in
detecting trace concentrations of chemical species from industrial and power generation air pollution, biogenic
processes, and leaks of methane and other gasses from mining, well drilling, fracking, and from buried natural gas
pipelines'®. Tunable lasers, laser diodes, and broad band supercontinuum lasers have opened opportunities to make
measurements atmospheric composition over a wide range of wavelengths'*'®. These techniques allow measurements of
trace level concentrations of chemical species using the unique spectral signatures resulting from optical scattering and
absorption of molecules in gas, liquid, and solid phases.

The dynamical processes in the lower atmosphere can be studied by using profiles of water vapor concentration and
aerosol optical extinction as tracers of dynamics, and temperature profiles to describe the atmospheric stability™’.
Daytime convection, weather front motion, undular bore waves, and evolution processes of clouds are important features
that are studied with Raman lidar'. 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*?'.
Changes in aerosol particle size are observed using multi-wavelength measurements of optical extinction profiles®.
The particle size is also obtained from the ratio of cross-polarized intensities scattered at an angle from the laser beam as
the plane of polarization is flipped between parallel and perpendicular to the plane containing the beam and the
detectors. The two intensities are then used to form the polarization ratio of the angular variations in the scattering phase
function'. The changes in the phase state of water can be studied by comparing the relative amplitudes of the
backscattered vibrational Raman signal for the three phase states’>. These relative variations between the gaseous,
liquid and solid phases of water are observed in the Raman spectra by detecting the wavelength shifts in the Raman
scatter signature caused by changes in their bond strengths. We expect that it will be possible to quantify both the
number density of the liquid and ice particles by combining the Raman lidar measurements and the aerosol size
information obtained by using the polarization ratio of the scattering phase function. The measurements of the physical
properties of clouds and studies of their evolution during growth and dissipation 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 most valuable tool for these investigations, and the three
measurements that are most useful in studying the dynamical processes are the profile sequences of water vapor, aerosol
optical extinction and temperature.

This paper briefly reviews the types of measurements that are made using Raman lidar to investigate the dynamical
processes in the atmosphere; more complete descriptions of these lidar techniques are available’**:. Brief descriptions of
the primary measurement techniques used to obtain the profiles of water, temperature, and aerosol optical extinction are
given in Section 2. Section 3 considers atmospheric stability as described by the adiabatic lapse rates of temperature and
density, and by potential temperature profiles. Examples of each of several types of dynamical processes observed are
then used, together with brief explanations, to illustrate atmospheric dynamics, including: convection cells, planetary
waves, gravity waves, wind shear instabilities, nocturnal jets, turbulence cells, formation of an air pollution smog
plumes, water vapor transfer into cumulous clouds, undular bore waves, and Brunt-Vaisild oscillations. Section 4
provides a short summary of our current capability and future goals for lidar to describe complex dynamical features.

2. LIDAR TECHNIQUES

An advantage of Raman lidar is that the molecular signature can be measured using any laser wavelength in the visible
or ultraviolet wavelengths. Since the vibrational energy states are unique to a molecule, the wavelength of Raman shifted
Stokes transition identifies the species present, and the intensity of the spectral line is used to calculate the concentration.
The density concentration of each gas observed in the Raman scatter spectrum can be determined with three pieces of
information that are normally available: (1) the laboratory measured cross-sections of the molecule, (2) the reference
signal intensity of the molecule (O,, HO, CO,, O;, ...) as a ratio to the N, signal, and (3) the N, density profile
calculated using the hydrostatic equation with inputs from the temperature profile measured by the same Raman lidar
and the ground level measurements of pressure and temperature. The cross-sections for Raman scattering are small,
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Stokes scattering is typically a factor of a thousand smaller than Rayleigh scattering, and the scattered photon is red-
shifted and leaves an excited state molecule with a phonon. If the molecule should already exist in a higher vibrational
level, the initial photon energy adds to the energy of the vibrational level and anti-Stokes scattering (blue-shifted) occurs.
This unlikely case requires the molecule to already be in a vibrational state (tenths of an eV). The ranges Stokes and
anti-Stokes vibrational Raman wavelength bands, which add to or subtract from the wavelength of the laser, are shown
in Fig. 1 for the Nd:YAG laser fundamental and its harmonics. Raman scattering is another way, other than IR
spectroscopy, to measure the vibrational and rotational spectra of molecules'”*****. An advantage of Raman lidar at UV
is that the scattering cross-section is proportional to the frequency raised to the fourth power, and at the 4™ .harmonic,
the 266 nm Raman spectrum is solar blind, which makes daytime measurements easier.
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Figure 1. Wavelength bands in which Stokes and anti-Stokes vibrational Raman scatter signals can be observed are shown for the
fundamental, 2™, 3™ and 4™ harmonics of the Nd:YAG laser. The IR Absorption region is the range of vibrational and rotational
states, but this region is rotated 180° to represent the Stokes regions as indicated"”.

Figure 2 shows a Raman lidar profile of water vapor compared with a simultaneous release of a rawinsonde
balloon®>*’. The lidar profile has +1c errors marked at the 75 m intervals, which correspond with the photon counting
bin size of this instrument. At a few places along the profile, the two independent measurements diverge slightly, but this
is not surprising, since the rising balloon drifts several kilometers away from the vertically pointed lidar. The relative
intensities of the Raman scattered signals for a 2™ harmonic Nd:YAG laser at 532 nm are measured for species that are
Raman active and have sufficient density. The signal for the H,O (660 nm) is divided by the N, (607 nm) signal and
multiplied by a factor to account for the PMT detector relative sensitivity, as well as by a factor determined from the
published laboratory measurements of the Raman scatter cross-section for each molecule. These vibrational Raman
signals of water vapor and molecular nitrogen are then used to calculate the water vapor mixing ratio at each range bin,
and the statistical accuracy is determined.

The signal profiles from the rotational Raman bands at 530 nm and 528 nm are used to calculate the atmospheric
temperature profile and +1o statistical deviation shown in Fig. 3(a). The anti-Stokes bands used are indicated in a sketch
in Fig. 3(b) for a 532 nm laser scattering in air’>*’. The anti-Stokes bands of rotational lines are preferred to remove the
possibility of signal contamination from fluorescence. The rotational states are described by the Maxwell-Boltzmann
distribution for a gas in thermal equilibrium, and changes in the shape of that distribution of rotational lines describe the
changes in temperature. 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), to calculate the temperature profile. In this case, a three-
point filter is used to smooth the curves. The measurements of atmospheric temperature from a rawinsonde balloon are
also shown for comparison, and a few small acceptable departures are observed.

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. Over most of the visible spectrum, the
extinction by absorption is a relatively small contribution to the total. The extinction by scattering and absorption by
molecules is known to good accuracy from the measured or the modeled profiles. These contributions are removed to
find the aerosol optical extinction. All of the Raman scatter profiles of the major molecular species can be used to
calculate profiles of total optical extinction. The gradients in the measured molecular profiles at 607 nm (N2), 530 nm
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(rotational lines of N, + O,) and 284 nm (N2) are used to calculate the extinction profiles shown in Fig. 4**%. The
difference in slope from the expected gradient of the hydrostatic atmosphere and the measured gradient provide a direct
measure of the total optical extinction. The total extinction value is then corrected by subtracting the absorption of gases
from a model atmosphere and the scattering by the molecular atmosphere to find in the aerosol extinction profiles, see
Fig. 4. The optical extinction profiles at several different wavelengths are used to describe changes in the particle size
distribution, as a function of altitude. These measurements can then determine the visibility. The differences between the
gradients in measured molecular profiles and the hydrostatic density profile gradient provide a direct measurement of the
total optical extinction.
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Figure 2. 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 & (statistical deviation) bars on the profile, (b) plot shows
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Figure 3. (a) Raman lidar temperature profile determined from the rotational Raman lines in two bands around 530 nm and 528 nm is
compared with a simultaneous rawinsonde balloon, (b) temperature profiles calculated at 0°C and 50°C for the envelop of rotational
lines are shown together with the bandpass filters used to calculate the temperature®®>®,
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The extinction profiles at 530, 607 and 284 nm measured in Philadelphia PA during NEOPS and in Hesperia CA
during SCOS97 are shown in Fig. 4. The differences observed between the visible (530 nm and the 607 nm) profiles and
the ultraviolet (284 nm) extinction are due to the large difference in size distributions of aerosols (the molecular
absorption and scattering are removed)****. The large variation between these aerosol optical extinction profiles is due to
the strong scattering dependence on the relationship between the scattering cross-section and the scattering wavelength.
Figure 5 shows a graphical presentation of the relation between cross-section and particle size. The cross-section is
proportional to the particle size, a, raised to the sixth power, ¢ ~ a®, fora <A, and squared, G ~ a’, for a> A. In the region
where the slope changes, between about a/2 < A < 5a, the cross-section oscillates due to interference caused by
diffraction around the particle, and refraction through it if the particle transmits at the wavelength. The profiles measured
on the two dates in Fig. 4 show that the smaller particles usually dominate the particle population. The upper cloud
layers at 4.5 and 5.4 km in Fig. 4(a) show the effects of multiple scattering, which results in whitening the spectrum and
remove the wavelength dependence by scattering all wavelengths with the same efficiency. A similar effect can be
observed in the surface layer.
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Figure 4. Aerosol optical extinction measurements, with + 1o statistical deviation, are derived from three profiles of the primary
molecular species (284 nm, 503 nm and 607 nm); (a) SCOS97; (b) NARSTO-NEOPS**%.
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Figure 5. The scattering cross-section for spherical water particles is plotted versus particle radius for scattering by 2™ harmonic
Nd:YAG laser (532 nm) by particles from the size of molecules to 100 pm, large rain drops. The oscillation when the particle size
approaches the scattering wavelength is due to diffraction.

3. SIGNATURES OF ATMOSPHERIC DYNAMICS

The Raman lidar measurement of temperature can be used to determine the properties of atmospheric stability. The
temperature adiabatic lapse rate of the atmosphere provides a way to describe atmospheric stability. For an adiabatic
process, we can argue from the first law of thermodynamics that the equation, C,dT + gdz = 0, must be valid in a dry
and stable atmosphere, which is rearranged as, dT/dz = g/C,, where C, = 1004 J/(kg °K), the specific heat at
constant pressure, and results in the dry adiabatic lapse rate of I'=-0.0098 K/m = - 9.8 °K/km. Temperature gradients
that decrease more than 10 °K/km are then dynamically unstable. Another way to examine the same property, the
departuere from hydrostatic equilibrium, is to examine the density gradient. The same stable condition occurs when the
density gradient is less than the density adaibatic lapse rate, I = - 1/p (dp/dz) = g/C? where the mass density is p and
C is the speed of sound. If the density decreases less than about 10-13 %/km, the region will tend to be unstable™. A
range of values as a function of altitude is necessary because of the water vapor in the atmosphere. The moist adaibatic
temperature lapse rate is ~ 5.5 °K/km in the troposphere, and the variation in the density adaibatic lapse rate is due to the
changing speed of sound in a moist atmosphere. Another way to locate those less stable regions is to calculate the
potential temperature profile. The potential temperature is the resulting temperature if an unsaturated parcel of air is
moved adiabatically up or down to a pressure level of 1000 mb. By moving the parcel adiabatically, the slope of the
profile provides a measure of the stability, somewhat like the temperature adiabatic lapse rate. Gravity waves are an
interesting feature in the middle atmosphere, where they tend to grow to sufficient size to force the atmosphere into
turbulence, which gradually transferees its energy as a turbulence cascade, Kolmogorov spectrum, toward the microscale
limit, where it dissipates energy as temperature in the mesosphere or stratosphere. Wind shear instabilities also produce
turbulence structures in regions of wind-shear layers, where the critical Richardson number is generally considered
unstable at a small values, Ri < 1/4, but this will not be further discussed here, since the Raman lidar is not measuring
the wind shear.

Sequential profile measurements of a Raman lidar provide a very useful picture to study atmospheric dynamic
processes. The profiles of water vapor and aerosol distributions both provide tracers of dynamical motion, wind,
convection, waves, and the presence of turbulence. The atmospheric stability is an important parameter for evaluating
the sources and strength of turbulence in regions of the atmosphere. We can examine the stability using several
parameters that are based on the lidar profiles of temperature and water vapor content; the temperature and density
adiabatic lapse rates, and the potential temperature. Water vapor profiles and aerosol extinction profiles are also able to
locate turbulent eddies and convection cells.
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3.1 Tracers of Convection, Turbulence, and Aerosol Plumes

The time sequences of Raman lidar profiles provide a unique view of the dynamical process in an atmospheric volume.
Figure 6(a) shows a 12-hour set of water vapor measurements from 8§ AM (12:00 UTC) to 8 PM local time. These 1-
minute profiles are stacked side-by-side and a 5-minute Hanning window has been applied to provide a picture of the
atmosphere passing overhead. This presentation of the measured profiles provides an excellent way to observe the
dynamical process active in the area, for example, the growth of the morning thermal convection cells that build to form
the daytime boundary layer. An estimate of the size of the convective cells, as they move past the vertically pointed lidar
in a light background wind, indicates that the cells are nearly circular. Growth of convective cells is observed on this
clear morning, with a light wind across a large grassy field. Such uniform growth is only observed on a small fraction of
the days. This particular day is special in another way; a moist air and pollution chemical layer was transported from
power plants in the Ohio Valley in the fast moving nocturnal residual layer and mixed with the rising boundary layer
over the site. When the residual layer and the boundary layer mix, we observe the appearance of turbulent eddies during
the afternoon and evening. Photochemical processes generate smog and ozone layers during this afternoon period, as
shown in Fig. 6(b). Both of these data sets are daytime measurements, which means that only the 4™ harmonic of the
Nd:YAG laser at 266 nm is used to take advantage of the solar blind background. After sunset and until sunrise, the
higher power 2™ harmonic at 532 nm provides data to more than twice the altitude.
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Figure 6. Measurements made at the NARSTO-NEOPS site in Philadelphia on 21 August 1998 between 8 AM and 8 PM local time
show three interesting features of the dynamical processes active on that day; (a) morning convection cells grow to form the daytime
boundary layer and then mixing downward of air transported in the residual layer to the region produce an air pollution event and
initiated the observed turbulent eddies during the afternoon; (b) aerosol extinction profiles show the smog layer that developed from
photochemical reactions'**%*°.
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3.2 Gravity Waves and Planetary Waves

Gravity waves launched from small pressure oscillations at low altitudes result in much larger features at higher altitudes
as they propagate through the atmosphere, often without much dissipation of their energy until they grow sufficiently to
become dynamically unstable and dissipate energy in turbulent heating. They are the primary heat source for the
mesosphere; the warm winter mesosphere results from heating by energy dissipation of the strong waves launched in the
winter, while blocking most of the wave spectrum by the meridional circulation pattern cools the summer*®. The several
sets of rocket data are shown in Fig. 7(a). These include Super Loki Datasondes and Robin-Spheres, Viper Dart Spheres,
and piezoelectric accelerometer spheres, launched during the MAPWINE project, and they show a large range gravity
wave amplitudes, at times exhibiting >10% density amplitude fluctuation in the mesosphere. The data set also includes
two profiles showing the effects when a phase overlap in planetary waves creates a density enhancement > 50% in the
late winter**. One particularly useful description for the scales of gravity waves to expect in the mesosphere, that shows
the range of expected vertical and horizontal wavelengths and periods, is given by Hines', see Fig. 7(b).
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Today, gravity wave studies are not limited to rocket probes, and may be viewed more continuously by using lidar
techniques®**>***, Figure 8 shows an early study of gravity waves and planetary waves using a Rayleigh Lidar at Poker
Flat research Range in Alaska during February 1986°**. At stratospheric and mesospheric altitudes, Rayleigh scatter
from molecules in the aerosol-free atmosphere can be used to find the atmospheric temperature profiles by integrating
the hydrostatic equation down the scattering profile™~***. The density profiles are then found by tying to the relative
density profile obtained from the measured temperature and the hydrostatic equation, to a measurement from a
rawinsonde balloon at a low altitude overlap point to provide a corrected density profile. The density profiles measured
on each of several evenings in February 1986 are shown as a ratio to the USSA76 Standard Model. Thin and persistent
aerosol scattering layers at 26 km altitude, and others below, have not been corrected for the data set. The data set shows
two periods, 19 February and 8 March, when a superposition of the planetary waves overlap to increase the density in
the upper stratosphere, in one case by more than 50%. This process results in the adiabatic compressional heating of the
lower stratosphere that increases the temperature, resulting in the event referred to as a “stratospheric warming.”
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Figure 8. Rayleigh Lidar measured atmospheric temperature and density profiles on several of nights during February-March 1986 at
Poker Flat Research Range, Alaska. This plot shows the increased denisty in the upper stratosphere that causes a warming in the
lower stratosphere by adaibatic compression. On 19 February, the atmospheric density increased by >50% at 50 km compared to one-
week earlier, and a second smaller event occurred on 7-8 March™*.

3.3 Low Level Jets and Sudden Convection Events

In regions where ridges and mountain slopes are found, the meteorological conditions at some distance away are often
affected by the low level jets that form at night, when coupling to the surface is reduced. During the evening hours, the
residual layer, a layer just above the nocturnal boundary layer, gains downslope momentum and is able to transport large
air volumes over long distances. This transport is referred to as a low level jet, and it is an often occurring feature over a
significant distance from the slopes of the Appalachian and Rocky Mountains. At the NEOPS field site in Philadelphia,
the Low Level Jet was frequently observed by the Radar-RASS sounder operated there, see Fig. 9. The jet is particularly
important in transferring the air from the region of power plants in the Ohio Valley to the Philadelphia area. The
momentum of a jet is frequently coupled into the boundary layer atmosphere on the next day, and can deposit its air into
the morning boundary layer, as either a sudden convection event, or by simply being mixed into the rising daytime
boundary layer. The species transported into the area sometimes included PAN, which is a stable molecule at the
temperatures a few hundred meters above the ground, but thermally decomposes to produce precursors for generating
photochemical smog and ozone at the summer surface layer temperatures. The measurements in Fig. 9(a) show the wind
velocity measured at the NEOPS site with a Doppler Radar- RASS instrument. The Low Level Jet observed in this case
transports a dry air mass into the area, as seen in Fig. 6(b). Between 3AM and 7AM (sunrise), the jet replaces the air
volume at altitudes between 400 and 700 meters.

An example of a sudden convection event that involved the transport of air pollution chemicals is shown in Fig. 10.
The water vapor distribution does not exhibit the normal rising of the morning boundary layer, but shows sudden
convection event at about 10AM. The convection penetrates into the air transported in the residual layer, and convection
rapidly transports chemicals to the ground where they thermally decompose and produce the rather large amount of
photochemical smog and ozone. When this sudden convection occurs, the air volume below 300 meters suddenly
expands by a factor of three to five and thus dilutes the background concentration of ozone, until photochemical
processes generate a much larger plume.

The features of the Low Level Jet and Sudden Convection Events are often observed in the data collected at the
NEOPS site in Philadelphia during five summers of intensive field program activity. The Raman lidar is one of the few
measurement tools available to enable observations for study of such events.
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Figure 9. A low level jet is measured at the NEOPS field site in Philadelphia. (a) A 24-hr plot of the 30-min wind data on 17 July (bar
indicates the period between midnight and 7:30 AM); (b) Changes in the boundary layer moisture occur in the altitude range (400-700

m) where the jet deposits a dry air mass between 3AM and 7AM*".
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3.4 Special Dynamical Features: Bore Waves and Brunt-Vaisala Oscillations

One of the interesting surprises in measurements obtained at the NEOPS field site in Philadelphia is the observation of
an undular bore wave that resulted from a strong low pressure front passing through the region. Figure 11 shows a 6-hr
time sequence of water vapor profiles from 8 PM to 2 AM local time on 9 July 1999. The water vapor profiles are a
useful tracer of the dynamics, when a cold front launches an undular bore wave as it passed over the field site. This
undular bore wave has a 10.8 min oscillation, which is typical of the natural resonance frequency of the atmosphere.
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Figure 11. The water vapor mixing ratio profiles again serve as a dynamics tracer to observe an undular bore wave as a cold front
proceeds through the area. This data shows that this oscillation period is 10.8 min. The disturbance reached the site at 1:20 AM local
time on 10 July 1999 and was followed by rain and gusty winds.

Another interesting observation was made on the shore of the Arctic Ocean at Point Barrow AK on 27 May 1998
between 3 AM and 10 AM, see Fig. 12. The oscillation, ~10.5 min, was observed between 6-10 AM is at the natural
resonance frequency, referred to as the Brunt-Viiséld frequency. This type of oscillation was observed on three different
days near the end of May. Our conjecture is that these waves were most likely excited by the spring breakup of Arctic
Ocean ice, when large pieces of ice collapsed into the sea.
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Figure 12. A buoyant oscillation forced at the Brunt-Viiséld frequency observed at Point Barrow Alaska on 27 May 1998 from 3-10

AM local time during the arctic springtime'®.
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3.5 Clouds and Microphysics Process

The sequences of water vapor, temperature and aerosol optical extinction profiles provide the opportunity to study the
microphysical processes that occur as clouds evolve in time. Figure 13 shows the measured water vapor and temperature
profiles and these are used to calculate the relative humidity. The humidity correlates well with the aerosol distribution
measured at the same time. Measurements shown in Fig. 14 were obtained during a voyage of the USNS Sumner and
show the way that clouds can grow rapidly by taking moisture directly from the water vapor in the marine layer.

Water Vapor - 10/11/1986 06:00 - 11.58 UTC Relative Humidity - 10/11/1996 06:00 - 11.:59 UTC
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Figure 13. A six hour sequence of water vapor and temperature profiles are used to calculate relative humidity, which is
compared with the UV optical extinction to observe the development of clouds'>*.
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Figure 14. Water vapor can be transmitted directly into the base of clouds to rapidly grow those formed over the ocean by possibly
using a heat engine effect to draw moisture from the marine layer into the cloud base'.
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A data set obtained during the NARTSO-NEOPS campaign shows the time sequence plots of aerosol optical
extinction at the ultraviolet and visible wavelengths on the night of 16 August, 1999 at the Philadelphia site during the
NARSTO-NEOPS campaign, see Fig. 15. During this time period, we observe that several aerosol cloud layers advect
through the laser beam, and our analysis of the ratio of the extinction coefficient of 530/284 shows the changes in
particle size, both inside and surrounding the cloud layers. We also observed the variations in water vapor concentrations
in and around the cloud regions at the same time. The 284 nm extinction profiles are most sensitive to the very small
aerosols, the Aitken particles, and the 530 nm profiles are most sensitive to the accumulation mode particles. Both of
these wavelengths are sensitive to the larger course mode particles which whiten the return in the central area of the
clouds by multiple scattering, as was shown earlier in Fig. 4(a). Note that both data sets are plotted on the same scale to
compare the in-cloud and out-of-cloud regions. Note that the small particles dominate the scattering outside the clouds.
The technique does provide an interesting way to study the microphysical process in an evolving cloud.

Extinction 284 channel 08/16/99 00:00 -- 08/16/99 03:35UTC
37 T T T

25t

Altitude (km)
|
]
-

] 25 u 50 75 100 125 150 175 200 :
= Time (minutes)

0 0.5 = 1.5 é 2j5 Z:p 3?5 4 4.5 5
n Extinction (Km-1) u
. a
[ ]
] Extinction 530 channel 08/16/99 00:45 -- 08/16/99 03:5DUtC
' a
[ ]
[ ]
n 4
[ ]
[ ]
[ ]
2 . .
5 S :
E’ ]
™ 2
E 1.5 5
L "

/

0 25 50 75 100 125 150 175
Time (minutes)

T T T T

L 1 L

2 235 3 3.5 4 4.5 B
Extinction (Km-1)

Figure 15. Aerosol optical extinction at UV and VIS wavelengths ot several clouds moving through the vertical lidar beam show the
changes in the size distribution of particles in and around the clouds®**"*.
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4. SUMMARY

The goal of this study is to review a portion of a rather large data base of Raman lidar data to examine and show
examples of the dynamical process operating in the atmosphere. It is quite challenging to observe the dynamics of the
atmosphere using profiles of the important parameters obtained by using infrequent balloon instrument packages. The
Raman lidar provides the opportunity to measure the profiles of temperature, water vapor and other properties
continuously, in 1-min profiles, for periods of days. The same picture of the atmosphere painted with balloon payloads
would require many thousands of releases. The Raman lidar technique for the primary measurements is introduced
briefly for the parameters that can contribute best to the understanding of atmospheric dynamics; profiles of water vapor,
temperature, and aerosol optical extinction. These are the ones selected to investigate dynamical processes associated
with waves, convection, turbulence, and atmospheric stability. The two measurements also serve as tracers of
atmospheric dynamics in the lower atmosphere; water vapor and aerosol extinction. Raman lidar measurements show
examples of convection, turbulence, plumes, gravity waves, planetary waves, low level jets, sudden convection events,
undular bores, Brunt-Viisild oscillations, and examples of several observations of cloud dynamics. Among the
interesting observations are the processes we call an undular bore and Brunt-Viiséla oscillations. These are related and
differ in the source of the input energy to create the initial disturbance; both appear to be the natural resonance response
of a pressure impulse on the atmosphere. Future investigations of atmospheric dynamics should benefit from the
continued use of Raman Lidar to observe the tracers, which are water vapor and aerosols, and observe the phases of the
water, sizes of the liquid and solid aerosols and their number density, as well as observe the properties of waves and
turbulence in the atmosphere. Major benefits will be gained in the next generation of Raman lidar instruments by making
use of higher speed electronics and improvements in lasers and detectors to allow spatial resolution of a meter and time
resolution of a few seconds.
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