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SUMMARY OF RESEARCH

1, Introduction

Measurement techniques have been developed under this grant for
the remote sensing of meteorological variakles. These techniques are
based on analyses of the light scattered from a laser beam by the var-
ious comnstituents of the atmosphere. Under appropriate conditions,
the data obtained with laser radars may be related to the spatial dis-
tribution of various minor constituents, such as atmospheric aerosols
and trace gases, in addition to vertical profiles of atmospheric den-
sity, temperature, and winds.

A variety of problems relating to the meteorology and physics of
the atmosphere has been studied under this grant. Additional support
for those problems related to the investigation of dust in the upper
atmosphere by optical radar was also obtained from NASA through
Grant NGR 22-009-114, The results of these studies have been
reported in several publications. This final report on NASA Grant
NGR 22-009-131 reviews the results of the laser radar studies that
were initiated by Professor Giorgio Fiocco and his group at the
Research Laboratory of Electronics of Massachusetts Institute of
Technology.

2. Research Summary

One of the first and simplest techni jues for probing the atmosphere
with lasers makes use of the backscattered radiation from a pulsed -
laser to detect layers of dust particles in the atmosphere. In these
experiments, the optical backscattering cross section of the atmo-
sphere is measured as a function of range, and aerosol layers are
inferred irom significant deviations of the laser echoes expected from
dust-free air, |

The first experiments in which lasers were used for ground-based
remote measurements of atmospheric parameters were conducted at
M.L T. by Fiocco and Smullin. ! In their preliminary studies echoes



from scattering layers from heights of 60-90 km and 110-140 km were
detected during the summer of 1963. These echoes were tentatively
attributed to dust particles of extraterresirial originz; this interpreta-
tion was corroborated by the observed correlation between the laser
radar echoes from 110 to 140 km and ionospheric s;poradic-E.3 Numer-
ical calctlations of the ionization resulting from neutral-neutral col-
lisions of the ambient gas induced by incoming extiraterrestrial par‘ticles4
verified that the influx of cosmic dust could produce ionization in
amounts comparable to that required in the E-region at night arnd in
some iypes of sporadic-E irregularities. McCormick et al.s also
reported enhanced scattering from altitudes between 70 km and 140 km
and interpreted their measurements as evidence of extraterresirial
dust. It is possible, however, that all of these early resulis were
affected by instrumentsl difficulties, and the evidence for aerosol
layers above the mesosphere mignt not be relia.ble.é-8 Although
laser radars with much greater sensitivity have not subsequently
detected regions of enhanced scattering above approximately 90 km,
it should be pointed out that the influx of extraterrestrial dust could
be Hhighly wvariable. Pouliney and Silverberg9 Suggest that the .
variability of laser radar echoes may be associated with sporadic
sources of extraterrestrial aerosols that are due to periodic comets.
of low inclination. Also, evidence of enhanced meteoric activity
during the summer of 1963 has been obtained by techniques other
than laser radar.w’ 11
The presence of layers of light-scattering particles near or below
the mesopause has been established by numerous visual observations
of noctilucent clouds. During the summer of 1964, we performed laser
radar experiments in Alaska and Sweden for the purpose of observing
the aerosol content of the mesosphere during noctilucent cloud displa.ys.12
In these experiments strong echoes were observed near 70 km and were
taken as an indication that measurable processes involving a wide range
of mesospheric heights were involved, New experiments to obtain mea-
surements of the aerosol content of the mesosphere at times when noc-

tilucent ciouds might be present were conducted in the summer of 1966



near Oslo, Norway.l3 These measurements indicated that the 60-70 km
altitude region contained an appreciable amount of particulate—méterial in
the summertime at high latiiudes during periods of noctilucent cloud activ-
ity, as suggested by our earlier laser radar results. Observations of the
transient features of a noctilucent cloud were also obtained with the
apparatus: the height of the cloud varied from 75 km to 73 km during
the observation interval; the geometric thickness of the cloud was
appreciably less than 1 km; and the optical thickness was ~10-4.

An estimate of the meridional flux of particulate material at high lati-
tudes was obtained from the measurements by relating the average
vertical distribution of aerosols observed by the laser radar during
the summer to the general circulation of the upper atmosphere; esti-
meates of the mass flux of extraterrestrial dust based on these data
are in agreemxent with results obtained by other techniques.

We have also conducted a variety of analytical studies of the dust
content of the upper atmosphere. Fiocco has reviewed the previous
work directed toward the detection of atmospheric dust by laser radar
and has outlined the requirements for a laser radar system to con-
tinuously monitor the influx of extraterrestrial dust on Earth. A the-
oretical study of the meridional circulation of dust in the upper atmo-
sphere has been conducted, and some preliminary results of the study
have been reported.M The study has been completed and its results

15,16 By using existing models for the atmo-

will soon be reported.
spheric meridional circulation and its seasonal variations, possible
trajectories of particles of extraterrestrial origin and of radius 0.1 p
to 1.0 p were obtained., It was found that there are regions of the
atmosphere that are not accessible to particles of a given size at =
certain times of the year, and that there can be a considerable local
increase of the particle concentration. Thus the presence of a solid
constituent in noctilucent clouds can be related to seasonal variations
in the meridional air flow; in fact, the enhancement should be par-
ticularly noticeable in the mesosphere during summer for the smaller

particles of extraterrestrial origin. Our optical radar observations



at high latitudes at times of noctilucent cloud activity confirm a local
increase of the aerosol concentration at mesospheric heights.

A two-year study to evaluate the average and time-variant charac~
teristics of stratospheric aerosols has been conducted with a laser
radar.”’ 18 Most of the observations were conducted at Lexington,
Massachusetts, during 1964 and 1965; some data were also obtained
during the summer of 1964 at College, Alaska, The vertical distribu-
tion of the aerosol particies was obtained by comparing the laser radar
return with the return expected from a molecular atmosphere, using
the observed echoes from 25 km to 30 km altitude to calibrate the
instrument. The data consistently showed a maximum in the relative
concentration of aerosols between 15 km and 20 km ailtitude. The
observations showed that the stratospheric aerosol layer exhibited
little temporal variability, with a generally decreasing trend during
the two-year observation interval. At the observation site in
Lexington, Massachusetts, the observed return from the layer was
approximately 1.9 times the expected return from clear, dry air.
The daily rms fluctuation of this scattering ratio was approxi-
mately 0.3 and hourly fluctuations were smaller. For the observa-
tions at College, Alaska, the ma.mmuna scattering ratio was ~1.7
with daily fluctuations of ~0,15, The study was conducted during
a period following the eruption of the Mount Agung volcano early in

1963; thus, the resulis may represent ‘anomolous conditions in the -
lower siratosphere and are likely to be associated with the temporal o
and spatial distribution of volca.mc debris.

The observed scattering ratios have been related to the number
of particles per unit volume mummated by the laser beam by evalu-
ating Mie scattering functions for backscattered radiation. The cal-

culated concentration of ~1 e¢m -3 for partxcles larger than ~0.3 B radins‘ ~_{7, i

is in agreement with mdependezrt studies by other inveaﬁgators, espes

~clally with the particle gcunts of Rosen. 9 Campar.’sam with ea:lier

measurements obtained: by other mvestzga:kers usiag & variaty oi'
dﬁferent techmques md;cated that the ccneeﬁ"




acrosols was approximately one order of magnitude higher than
before the eruption of Mount Agung; this has also been confirmed
by the results of other investigators.zo

The observations have been compared with other meteorological
parameters in the lower siratosphere. The center of mass of the
layer was usually very close to 16 km; day-to-day changes in the
tropopause height were accompanied by a tendency of small vertical
displacements of the layer. The laser radar observations per-
formed in Alaska agree with the concept that the height of the layer
follows approximately latitudinal changes in the height of the tropo-
pause. A significant negative correlation was found between dust con-
centrations derived from the results of the laser radar study and ozone
concentrations obtained by the Air Force Cambridge Research Labora-
tories.21'23 The anticorrelation was also obtained between the mea-
surements of the dust concentration and measurements of total atmo-
spheric ozone obtained at Bedford, Massachusetts;this result provided
additional statistical evidence of a relation between the aerosol layer
and stratospheric ozone.

Experiments have also been conducted by our group to perform
spectral analyses of the light scattered from a laser beam by atmo-
spheric molecules and aérosols. Through the Doppler effect the ran-
dom motions of the scattering particles will cause the scattered spectrum
to be broadened with respect to the radiated spectrum. Analytical
investigations of the spectiral broadening of light scattered from a laser
beam by the gaseous and particulate components of the atmosphere have
been performed, The light scattered from a monochromatic beam of
light by a low~-density gas has a Gaussian frequency spectrum and the
spectral width is proportional to the square root of the absolute temper-
ature of the gas; for light at 4880 A the waveleng:h of an argon-ion -
laser, the full-width at half-maximum of the frequeney spectrum wm
vary from approximately 2, 4 GHz to 2, 8§ GHz over ‘the range of temp:
atures usually observed in the lowest 10 km oftke te:reatﬁal ma-
sphere. Atmospheric aerosok a.lsa ccm'ribute to the sezttareé '




specirum; however, their random' motions are much slower than the
thermal velocities of the air molecules, and the scattered energy from
the acrosols is contained in a narrower band of the frequency spectrum
ihan the scattered energy from air molecules. The feasibility of using
this technique to separate the effects of aerosol scattering from molec-
ular scattering has been demonstrated by the use of a pressure-scanned
Fabry-Perot interferometer to measure the spectral distribution of the
light scattered by naturally occurrmcr aerosols in the laboratory air and
by artificially produced fogs. The Doppler effect resulting from the
motion of scatterers can be utilized in other ways. For example,
arge Doppler shifts are expected for laser echoes from incoming
micrometeorites.” Also, since the random thermal motions of atmo-
spheric molecules cause the scattered spectrum to be broadened
with respect to the radiated spectrum, measurements of the spec-
iral profile are thereby related to the temperature of the gas and
could be used as the basis of a system for remote determinations

of atmospheric temperature,25 while bulk shifts of the scattered
spectirum could provide information on wind motion. Furthermore,

the speciral width of the aerosol contribution to the laser echoes may
24,26 The spectral studies
of scattered laser radiation have been based on analyses of the light
from cw lasers scattered from the volume illuminated by the laser
Leam. One of our first cw laser scattering experiments was a
study of the electron velocity distribution in a reflex discharge.
The observations indicated a temperature of approximately 30,800°K

and 13, 570°K for the velocity components parallel and perpendicular

to the magnetic field, The anisotropy was related to the randomizing
processes in the discharge. An optical homodyne 5pectrometer3° has

been used to study the spectrum of light scattered from a turbulent fluid. e
This study utilized an optical homodyne technique whereby m-frequency e
beats caused by the interference of the various eamponem frequencies '
that constitute a broadened spectral line are detectad bya spectral
analysis of the current from a photamultipher tzzhe tc dezive inforz
tion on the frequency spectrum of the mcident Mt.“ e ’

be an indicator of atmospheric tuir bulence.

27-29




The homodyne spectrum of coherent light scattered from particles
suspended in a turbulent fluid will be broadened with respect to the
spectrum observed when the pariicies undergo Brownian motion in a
fluid at rest. A theoretical and experimental study has been conducted
io relate measured spectral widths and profiles to the parameters
describing the turbulence.

The theoretical analysis suggests that the homodyne spectrum of
light scatiered from the particles will be determined by the joint prob-
ability density function of particle displacements for two particles.
When the transit time for the particle moving through the scattering
volume is small compared with the Lagrangian integral time scale,
the homodyne spectrum, apart from the broadening caused by molec-
ular diffusion, has the same shape as the two-particle, relative velocity
distribution. Thus the homodyne spectrum is potentially useful in deter-
mining the turbulent velocity distribution,

An optical homodyne spectrometer has been used for an experi-
mental study of the spectrum of coherent light scattered from turbulence
induced by a jet of water into water marked with uniform latex
spherical nart:.cles.z
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