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NOTICES

Disclaimers

The findings in this report are not to be construed as an of-
ficial Department of the Army position, unless so designated
by other authorized documents.

The citation of trade names and names of manufacturers in
this report is not to be construed as official Government in-
dorsement or approval of commercial products or services
referenced herein.

Disposition

Destory this report when it is no longer needed. Do not
return it to the originator.
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INTRODUCTION

Missile reentry flight tests have demonstrated that high-velocity
traversal of rain or clouds causes extensive damace to reentry thermal
protective material [1]. Since an ablating nose cone with a small angle
of attack will erode asymmetrically, excessive ablation will alter sig-
nificantly the reentry projectile's angle of attack. The problem is
compounded by the fact that these asymmetrical ablations have been
observed during flights through an atmosphere classified as "clear" [2].
As an effort to identify the cause of excessive ablation during clear
sky conditions, the United States Air Force Space and Missile System
Organization and the US Army Atmospheric Sciences Laboratory jointly
sponsored the research effort described here. Although atmospheric
ablation of reentry vehicles is a function of heat shield material,

body geometry, anale of attack, and atmospheric density, this report is
solely related to the detection of subvisible atmospheric material which
apparently introduced nose-cone erosion beyond which would be normally
observed or calculated based upon rocketsonde atmospheric density data.

Specifically, this report describes the laser light detection and rana-
ing (lidar) technique used to locate visually unobservable atmospheric
particulate concentrations during several Athena-H flights which origi-
nated at Green River, Utah, and impacted at White Sands Missile Range,
New Mexico. Subvisible tenuous atmospheric layers were located with
the Tidar system and their spatial extent was measured at altitudes of
interest along the anticipated reentry trajectory. This study shows
that lidar data not only serves to identify the existence of invisible
layers and their heights and thicknesses, but also provides measurements
which when analyzed in conjunction with radiosonde meteorological data
and an aerosol model can contribute plausible information on the parti-
cle identity and average concentration.

ATMOSPHERIC LAYER DETECTION THEORY

Lidar transmitter emissions are electromagnetic wave pulses at optical
wavelengths with a high monochromatic quality. At optical wavelengths,
these pulses, while propagating through the atmosphere, interact with
atmospheric molecules and particulates and produce a backscattered
laser Tight signal of sufficient magnitude to be detectable by a
receiver mirror and photomultiplier arranaement. The fraction of the
total backscattered 1ight power collected by the receiver mirror is
given by Eq. (1).
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EicA 5
P.(r) = [2o(r) + Bn(r) + rm(r)]e 3]-(4 + v + o)dr (1)
1 82
my 0
vhere
Pi = power incident on receiver aperture.
Et = transmitted Taser energy.
A = receiver aperture.

B = average aerosol backscattering cross-sectional area.
r = cloud particles average backscattering cross-sectional area.
r = slant range.
¢ = speed of light.
m = cloud-average particle density.
n = aerosol average density.
« = molecular extinction coefficient.
= Rayleigh backscattering cross-sectional area.

y = aerosol extinction coefficient.

P molecular density.

cloud extinction coefficient.

The quantity of importance here is the cloud volume backscattering
coefficient, rm(r). Even though cloud water droplet concentrations,
n(r), are minor in numbers when compared to the molecular densities,
o(r), their particulate sizes are comparable to or greater than the
laser wavelength, and thus their backscattering efficiency is much
greater than that of molecules. It is this effect which renders a
lidar useful for detection of subvisible tenuous layers. Thin, high-
altitude clouds, which are normally the type of unobservable clouds
present during reentry mission, have empirically been determined to be
adequately characterized as predominantly single scattering ensembles
[3]. Thus, in Eq. (1), the term rm(r) is that for a tenuous cloud in
which multiple scattering effects are negligible; i.e., o < 0.1.
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An example of lidar data manifesting a subvisible cloud on a clear
day is shown in Figure 1. Depicted on the lTeft side of this oscillo-
scope photograph is a trace representative of the magnitude of the
recorded atmospherically backscattered laser energy as a function of
altitude. The right side pulse is the output of a photodiode which
senses a fraction of the laser's output energy. The second arid from
the bottom on the left trace of Figure 1 shows the pulse caused by the
cloud reflections. This cloud was at a height of 3.5 km above around
level (AGL). The assertion that this pulse represents a subvisible
cloud is based on studies of several photograph sets of laser energy
reflections from visible striated clouds which gradually disappeared
to the human eye but remained detectable with the lidar system.

Particulate concentrations (clouds) may be composed of water clustered
hygroscopic nuclei [4] or anhydrous particulate matter such as dust
Tayers [5]. Either concentration will enhance the maanitude of the
expression rm(r) and introduce amplitude variations in the reflected
laser energy profile. The data of Fiaure 2, also obtained on a totally
clear day, show energy trace undulations which are not uncommon at
tropospheric altitudes ar+ are the result of particulate stratifications.
Mathematically, the ampiitude variations represent changes in the
quantity rm(r) which describes the backscattering properties of the
particulate layer. Unlike the case shown in Fiqure 1, there is normally
no prior information regarding the particulate size or composition of a
lidar detected subvisible layer. Nonetheless, based on past in-situ
microstructure measurements of high-altitude layers, reasonable average
particle sizes were assumed to obtain average particle density.

In the absence of clouds [m(r) = 0] and a sufficiently dispersed aerosol
medium [n(r), small], the backscattered energy amplitude is proportional
to the sum of the quantities zo(r) and Bn(r) and appears as a smooth
trace on the osciiloscope data photograph. Figure 3 is a data film of

a smooth energy profile recorded along an exceptionally clear atmospheric
path, 21 March 1973, with visibility greater than 60 km. The atmosphere
was devoid of any particulate layers on that morning.

The other expression in Eq. (1) containing atmospheric constituent
factors is the exponential quantity exp-2 [f(« + v + o)dr] which rep-
resents the atmospheric attenuation of the laser beam intensity as a
function of range. Because of the rarefied character of the subvisible
layers, no attempt was made to extract any specific atmospheric particle
information from this exponential coefficient.
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LIDAR SYSTEM

The Sandia Laboratory GB-60B Tidar system, shown in Figure 4, was
employed during the Athena-H reentry projects. This system consists
primarily of a "Q-switched" ruby laser transmitter, a Cassegrainian
telescope, light filter, and a photomultiplier comprising the receiver,
an ME-16 tracking mount with sighting telescopes, and the electronic
systems for digital ranging and data recording. Landry and Lockner [6]
describe the GB-60B lidar and associated instrumentation in detail.

The basic lidar characteristics are as follows:

Wavelength

Maximum output energy
Pulse width

Maximum beam divergence
Maximum repetition rate
Light filter bandwidth
Receiver aperture
Photomultiplier

Sighting capability

6943 angstroms

4 joules/pulse (0-spoiled)
20-30 nanoseconds

8.5 milliradians

20 per minute

20 angstroms

1.68 square meters

RCA 7265

Azimuth 0 to 360 degrees

Elevation 0 to 90 degrees

Transmitted laser energy, Ey, per pulse was determined from the
photocathode pulses (1ike those shown in Figures 1 through 3 on the
right side trace) and an energy output calibration. It was established
that the area under each of these pulses is proportional to the amount
of Taser energy which activated the photodiode, provided that the
photodiode is a linear detector [7]. A calibration curve was construc-
ted before each probing mission by plotting photodiode pulse area as

a function of laser output energy. Output eneragy levels were set by
adjusting the laser flashlamp voltage. A light-beam splitter, situated
between the laser rod front end and a Hadron conical aperture thermopile,
deflects approximately 4% of the total beam energy into an ITT F4000
photodiode. Energy levels were maintained between 0.5 joule/pulse and
2.5 joules/pulse in order to stay within the detector's linear reagion.
During the atmospheric lasing periods, the thermopile was removed, but
the beam splitter and photodiode remained in place. Photographs of
oscilloscope displays of the photodiode pulse were subsequently used

in conjunction with the calibration to establish the individual pulse
enerqgy.
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Atmospherically reflected laser eneray collected by the receiver's
primary mirror is focused, via a secondary mirror and a glass enclosed
light filter, onto the photomultipliers photoemissive surface. The |
corresponding photomultiplier output signals are fed directly to an

oscilloscope where the voltage amplitudes are displayed and photographed. l
When the sampling time, At, is greater than the emitted pulse width, «,

and the voltage amplitude remains approximately constant within 't, the

light power incident on the primary mirror may be obtained from the ‘
recorded voltage by employing the relation: i

P] = ﬁ—
].R\.QNO ‘

where

= oscilloscope voltage.

photomultipiier gain.

[lal «
"

R. = oscilloscope input impedance.

= photomultiplier responsivity at a specific wavelength.

>
_—
"

receiver optical attenuation.

I
{ Voltage samples used in this experiment were 0.lusec long, 3.3 times
I longer than the maximum pulse width and sufficiently short to maintain

; the backscattered energy relatively constant.

[ Solution of Eq. (2) requires a knowledge of the lidar system parameters

} Rys Ry5 g, and Ny. By terminating the photomultiplier output cable with

| a fixed resistor load, the oscilloscope input impedance R;j, was main-

tained at 50 ohms. A responsivity of R, = 16 x 1077 amps/watt as listed

in the tube specifications for ruby wavelength was assumed since a new

RCA 7265 photomultiplier was installed specifically for the Athena

projects. Photomultiplier gains, g, are different for each tube config-

uration, dynode circuitry, and applied anode-to-cathode voltage. While

the tube configuration and dynode circuitry remain fixed durinag a test,

the anode voltage does not; therefore, a gain versus anode voltage table i
had to be established. The measured gains, g, as a function of applied '
veltage are listed below:




Anode Voltage

(kv) Photomultiplier Gain
1ES3 1.4 x 10°
1.4 3.1 % 1p°
155 6.6 x 10°
1.6 1.3 x T0*
Ve 7 2.6 x 10*
18 4.8 x 10%
1.9 8.7 x 10
2.0 1.6 x 10°
2.1 2.6 x 10°
2ol 4.4 x 10°
23 7.6 x 10°
2.4 100 x 185

The receiver optical attenuation factor, Ny, accounts for mirror reflec-
tion losses and the light filter and its glass enclosure losses. To
determine the system's optical attenuation, radiation from a standard
.ungsten ribbon Tamp was directed onto the photomultiplier, and its
output current was measured. Subsequently, a current reading was
obtained after the same radiation was allowed to pass through the
mirrors, filter, and glass enclosures. Irradiation was at a wavelenath
of 0.7 angstrom. A value of 0.36 was obtained from the ratio of the two
output currents and the respective aperture areas. This value was then
multiplied by 0.9, the photomultiplier glass enclosure transmissivity,
to establish NO to be 0.32.

The slant range of each specific target is also acquired from the
oscilloscope photograph. Fixed time delay gating of the scope's
horizontal sweep trigger and the subsecuent elapsed times read from
the data poloroid prints provide the total pulse travel time required
to calculate the reflection range.

ATMOSPHERIC PROBING RESULTS

The principal lidar objective was to detect material concentrations
normally undiscernible by conventional techniques which might be present
at the specific heights of 12 and 6 km along the reentry path. A second-
ary objective was to establish whether subvisible particulate layers
existed at any altitude and, if so, determine the layer altitude and
depth. The GB-60B lidar and peripheral equipment were located at the
White Sands Small Missile Range, 40 km south of the programmed Athena-H
impact area. Figure 5 shows the lidar's geographical location and

three eliptical areas denoting the locations of the atmospheric regions
where the anticipated Athena-H trajectory intersects the 12 km, 6 km,
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and surface levels. Since the atmospheric volumes centered at the 12
and 6 km intersection were the regions of primary concern, most of the
laser probing was directed towards these areas while other altitude
intervals along the reentry path were probed only intermittently.

Seven Athena-H reentry missions were supported: four missiles were
successfully launched and three were aborted due to either excessively
high wind velocities at the launch site or excessive cloud coverage at
the missile impact area. Laser probing served not only to detect
visually imperceptible Tayers but also to provide weather personnel
with cloud coverage information. On the afternoon of the first Athena
cancellation,, the sky cloud coverage was approximately 75% with a
preponderance of cumulus clouds. Later in the evening and during the
night, sky coverage increased with cirrus clouds covering most of the
sky's open spaces. Examples uf laser energy reflections from a cumulus
cloud, recorded at 1459 MST, and a cirrus cloud, recorded at 2115, both
on 22 March 1973, are shown in Fiqures 6 and 7, respectively. Layers
of sporadically occurring and faintly observable cirrus type clouds,
centered at a height of about 4.8 km, were detected on 29 March 1973
when two Athena-H missiles impacted on Small Missile Range.

On the night of 26 April 1973, an Athena-H missile reentered throuah

an over-tne-impact-area cloud coverage, described earlier in the day

as less than one-tenth by a meteorological observer. Continual
recordings of laser energy reflections from these clouds made possible
their identification as water clouds which persisted during the night
when they were visually unobservable. Fiqure & shows the voltage
ennancement, at 9.3 km, caused by these subvisible tenuous water layers.
Elsewhere, the atmosphere was found devoid of any particuiate layers

up to an altitude of 30 km on this day.

During the night of 23-24 Auqust 1973, the laser was successfuliy
employed to detect an otherwise invisible atmospheric particulate
layer at a heignht of 14.3 km. In addition, at the low altitudes of
0.5 and 1.5 km, thin particulate concentrations were also displayed in
the laser returned signals (Fiqure 9a). Further laser probing results
showed the regions between 1.5 and 13.5 km, and above 15 km, to be
clear of aerosol layers. Figures 9b and 9c show two atmospherically
clear regions which were of interest to the Athena project. The
visually imperceptible layer in Fiqure 9d, located at a height of

14.3 km, is 0.5 km in depth. This layer prevailed throughout the
Athena flight time.
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Figure 6. Voltage enhancement caused by visible cumulus cloud at
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Figure 7. Voltage enhancement caused by observable cirrus cloud at
a height of 7.8 km.
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Figure 9. Reflected laser energy profiles which show the status of
different reaions of the atmosphere immediately after Athena-
entry 24 August 1973:

(a) Low-level, thin layer particulate concentrations.
(b) Clear atmosphere at 6 km height.
(c) Clear atmosphere at 12 km height.
(d) High-altitude, subvisible particulate layer. Lidar
beam azimuth and elevation were 347° and 207, respectively.
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IMMEDIATE DATA

Atmospherically induced enhancement of backscattered laser light
intensity provides immediate information relative to tle existence,

range, and thickness of subvisible particulate layers. UYhen a layer

vas detected, its horizontal spatial extent out to the region of interest
was easily measured. For example, Figure 10 depicts the measured forward
nhorizontal extent of the subvisible layer shown in Figure 9d. Its extent
was established by varying the laser beam elevation anale from 20° to 10°.
The azimuthal direction of the beam was 347°, which coincided with the
anticipated reentry path.

Layer depths were determined simply by multiplyina the time duration of
the voltage enhancement by one-half of the magnitude of the speed of
light and the sine of the laser beam elevation anale. Acain, referring
to the Tayer in Fioure 9d, its vertical depth was immediately found to
be 500 m at a point 72 km forward of the lidar system. The tenuous
cloud of 26 April (Figure 8) was also immediately calculated to have a
vertical depth of 360 m at that geographical location.

DATA ANALYSIS RESULTS

The laser backscattered enerqgy data were further analyzed to determine
the approximate microstructure characteristics of each particulate layer.
Balloon radiosonde meteorological data and an aerosol model [8] were used
to complete the solution of Eq. (1). To obtain averace ice particle or
water droplet densities, Eq. (1) is expressed in terms of the mean cloud
volume backscattering coefficient:

B Pi(r)rf
rm = : (3)
EtAc Ta(r)T.(r)
where
= averaqe backscatterina cross-sectional area.
m = average particle density.
Té(r) = e'lly(r)dr (3a)
T2(r) = Tfs(r) X T{a(r) (3b)
14
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where

t; = molecular scattering coefficient.

1, = molecular absorption coefficient.

In this solution of Eq. (1), #o(r) and Bn(r) were considered to be zero
within the Tayer since the predominant backscattered eneray from the
cloud layer is that energy which is reflected from the water particles.
Also because of the limited vertical extent and suspected low particle
concentration of the cloud layer, the cloud extinction coefficient

Lo < 0.1] was considered negligible.

At ruby wavelenaths, electromagnetic wave absorption by atmospheric
aerosol is negligible when compared to aerosol scatterina. 'olecular
absorption, on the other hand, was considered because of the atmospheric
water absorption bands [9] located within the emitted bandwidth. Tem-
perature measurements of the GB-60B ruby rod, which was constantly cooled
with an alcohol-water solution, indicated that lasing occurred at an
average rod temperature of 2°C. Lasing at 2°C causes the emission line-
width to be 5 angstroms wide [10]. Consequently, the emitted laser
spectrum ranged from 6939 to 6244 angstroms. Within this spectrum lie
six narrow water vapor absorption lines, each of which is about 0.25
angstrom wide. To account for water vapor absorption, relative humidity
data recorded by radiosonde instruments used in support of each reentry
mission were integrated into centimeters of precipitable water. Based
upon the computed integrated water mass value, the transmittance at

0.69 micron was obtained from the water vapor transmittance chart
compiled by 'icClatchey [8].

Laser beam attenuation by the dispersed atmospheric aerosol background
existing between the laser and the layer base was approximated by
utilizing the licClatchey aerosol model. Corrections for attenuation

due to molecular scattering were based on atmospheric density values
obtained from radiosonde data. Radiosonde atmospheric density data from
ground Tevel to the layer base were converted to number of particles per
unit volume, averaged over 1/2 km intervals, multiplied by the scattering
cross-sectional area per molecule of 1.71 x 10-3m? [11], and used to
obtain the molecular optical thickness.
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Before the more detailed analysis of the laser data was performed, a
determination, or at least a reasonable assumption, had to be made as

to whether a detected layer was composed of e¢ither moist particles or
anhydrous aerosols, since their respective electromagnetic eneray
scattering properties differ considerably. In certain cases where a
layer was established beforehand as a water cloud, meteoroloqgical radio-
sonde data were used to determine if the cloud was composed solely of
ice crystals. Mason [12] has reported that at temperatures of -70°C or
less no supercooled water can exist in the liquid phase. Above 0°C, a
totally Tiquid phase may be inferred. For temperatures between 0°C and
-70°C, at least two sets of calculations were required: one representa-
tive of a liquid cloud and the other of an ice crystal cloud. For a
mixture of liquid and ice particles, a third procedure, explained later,
may be explored. When no advance information existed regarding the
nature of the layer, an additional set of calculations was included to
consider the existence of an anhydrous aerosol layer.

Analysis was first performed on the layer data shown on Figure 8 and
recorded the night of the 26 April 1973 Athena-H mission. Although

this was the third flight of the lidar support series, it was the first
mission firing during which a subvisible layer occurred. A priori
information revealed that the subvisible layer was a water cloud. This
conclusion was based on daylight visual observations, concurrent lidar
detection, and a continual Tidar monitoring of the cloud until darkness
when it was visually imperceptible. Examination of the radiosonde
temperature data for 26 April 1973, 2130 MST, showed the atmospheric
temperature to be -50.1°C at the cloud height of 2.3 km AGL. Therefore,
the constituents in this cloud were one of the following three: all

ice crystals, all supercooled liquid droplets, or a mixture of both.
First, this cloud ensemble will be assumed as containina liquid droplets
only. Subsequently, the cases of ice crystals only and a mixture of

ice and liquid particles will be considered.

Computations of each of the Eq. (3) parameters pertaining to the laser
cloud data of Figure 8 follow. The three transmittance factors were
considered first. Based on the 2130 MST radiosonde relative humidity
and temperature profiles, an integrated water mass quantity of 6.1 am/cm?
was obtained for the one-way laser beam slant path of 1058 km. A
transmittance factor [T ] of 0.88 was obtained for two-way transmission
over 6.1 gm/cm? of water Calculation of the aerosol scattering factor
[T3] was based on the clear-day aerosol model data [8] over the same
s]ant path distance from the lidar to the cloud base. A value of

T3 = 0.646 was obtained. To evaluate Rayleigh scattering attenuation,
rad1osonde atmospheric density data for 26 April was employed. T~ g Was
found to be 0.947. ¢
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Computation of the parameter, P;, reflected 1ight power incident on the

primary mirror, required that first an averaging technique be developed
for P;, since it varies as a function of cloud depth due to the variations

in range, particle size, and particle concentrations within the cloud.
Pi values as a function of cloud depth were obtained from Eq. (2) and

the voltages of Figure 8 which are shown replotted on Figure 11a. Sub-
sequently computed range corrected Pj values, or Pijr?, are shown in

Figure 11b. The range corrected P (average value of 7.87 x 107 watt-m’
was acquired from the equation

Pprc = range corrected P values.

£
1]

cloud depth in laser beam direction.

Laser output energy, E¢, corresponding to the pulse of Figure 8 (right

side trace) was determined to be 1.7 joules. The photomultiplier gain
at this time was 2.6 x 10“.

Substitution of all the above numerical values into Eq. (3) yielded an
average volume backscattering coefficient [rm] of 4.3 x 10-5/m. Since
the base of this cloud was well above 6 km, the inference was that this
was a cirrus cloud [13]. Such tenuous clouds are frequently visible
over the White Sands basin during daylight hours but become subvisible
at night. The predominant radius in cirrus type cloud particles is
4.2um [4]. Using 4.2um as the average water droplet radius, an index
of refraction of 1.33, a mean backscattering cross-sectional area [I]
of 1.1 x 1071%m?/particle was obtained. Employing this value and the
above volume backscattering coefficient, an average water droplet
concentration of approximately 3.8 x 10° particles/m® was finally estab-
lished for the case of a liquid water cloud represented by Figure 8.

At an atmospheric temperature of ~50.1°C it may be more reasonably
assumed that the cloud layer was predominantly composed of ice crystals.
Crystals in cirrus clouds are of columnar form [13]. It has also been
shown that these columnar ice crystals are primarily in the size range
of 8 to 50um long with prism base radii 1/3 or smaller than their
Tengths [15] at temperatures of -50°C or less. Exact scattering cross-
sectional areas for prismatic columns do not exist because of the mathe-
matical intractabilities that have been encountered. Nevertheless, an
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Figure 11. a. Lidar oscilloscope recorded voltage as function of
slant range
b. Range corrected recorded power as a function of slant
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c. Average range corrected power within cloud volume.
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expression does exist for the scattering cross-sectional area of
randomly oriented cylindrical ice crystals for which the crystal length,
1, is 1 > 2a > x; a is the crystal base radius, and » is the wavelenath
of the incident wave [16]. This expression serves as a reasonable ap-
proximation for the backscattering cross-sectional area of a prismatic
crystal. Employing the equation given in [16] and a !ie eauivalent
radius of 25um, a backscattering cross-sectional area of 1.6 x 10~ 'm
per crystal was obtained. Dividing this value into the volume back-
scattering coefficient of 4.3 x 107°/m yielded an average ice crystal
density of 2.7 x 10% crystal/m?® for the cloud of Figure 8.

In the general case when the cloud composition consists of a mixture

of liquid droplets and ice crystals, the respective particle concen-
trations would be deduced from an equation of the form

G =Cp TmiEE W,
L i
where
G = total volume backscattering coefficient.
1 = liquid.
i = ice.

A simultaneous measurement of the liquid to ice particle concentration
ratio is required to solve Eq. (4). Lidars with polarization discrimna-
tion filters can provide this information [17]. The GB-GOB lidar dicd
not have this capability during the Athena-H reentry flights; conse-
quently, the above general equation cannot be solved here. However,
trial combinations of fractions of the 1liquid and ice particles concen-
trations satisfying Eq. (4) may be employed until an answer is acquired
which is representative of the excessive erosion encountered by the
reentry projectile in question.

On 26 April 1973, the Athena-H reentry angle at the cloud height of

9.3 km AGL was -23°, the cloud depth in this reentry vicinity was 310
m. Therefore, from this lidar data it was calculated that the missile,
which was traveling at approximately 6000 m/s, traversed through about
800 m of 3.7 x 10° liquid droplets/m3, or 2.6 x 10* ice crystals/m?,

or a combination thereof. This was all erosive material which was un-
expectedly present in an apparently clear atmosphere.
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Normally, no a priori information is available about subvisible Tayers

as was the case during the 24 August 1974 reentry flight. On that day
the layer shown in Figure 9d, was lidar detected throughout mission
support time at an average height of 14.3 km AGL. Examination of
radiosonde data for the night of 23-24 August indicated atmospheric
temperatures at the layer center varied from -70.3° to -72.6°C durina

the pirobing time interval. Therefore, it was concluded that this
ensemble contained no water in the liquid phase and was thus composed

of either ice crystals or anhydrous aerosols. Assuminc that the layer
particulates were all in the ice phase and the cloud was cirrus, because
of its high-altitude location, the computational procedure follcwed in
previous sections was repeated to again obtain the averaae microstructure
cloud characteristics. Thereafter, the same analysis was performed under
the assumption that the atmospheric stratification was composed solely

of anhydrous aerosols.

To probe the reentry vicinity at a height of 14.3 km, lasing was
conducted at an elevation angle of 20°, and thus a slant path of 41 km
(distance to layer base) was used to calculate laser beam atmospheric
attenuation. Again based on radiosonde data, 0130 MST, 24 August,
molecular scattering attenuation and water vapor attenuation values of
0.85 and 0.95, respectively, were obtained. The integrated water mass
number for this day was 1.5 gm/cm-. Clear-day aerosol attenuation
factor was 0.64. Other computed parameters were range corrected average
power received, 2.98 x 10° watts-m<; laser output energy, 0.9 joule; and
photomultiplier gain, 8.7 x 10%. These numerical values yielded a
volume backscattering coefficient of 3.2 x 107%/km.

By using the previously computed average backscattering cross-sectional
area of 1.6 x 10-?m” per cirrus ice crystal and the above volume back-
scattering coefficient, an average ice crystal density of 2 x 10* ice
particles/m? was established for the layer of Figure 9d.

Consideration is now given to the possible existence of an arid aerosol
layer since atmospheric water content at 14.3 km is usually minimal.
Aerosol accumulations over the White Sands Missile Range vicinity have
been reported at altitudes between 12 and 27 km [18, 19]. Dyer and Hicks
[20] have reported aerosol layers in the 8 to 15 km interval with radii
of 0.1u to 1u. Chagnon and Junge [21] had previously determined the
same radius range for aerosols which consistently exhibited maximum in
the lower stratosphere and found these aerosol to have a size distribu-
tion approximately inverse to the square of the particle radius. With
such a size distribution, the highest concentration of particles is
that for aerosols with a radius of 0.1y.
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Nonhyaroscopic aerosols are the dust and metallic particles which are
known to be insoluble in water. Therefore the particle's real index

of refraction was considered to be near infinity. It was also assumed
that these nonnucleating aerosols are spherical and nonabsorbing. For

a 0.1y to 1y radius spherical particle with an index of refraction near
infinity, and an impinging wavelength of 0.694y., the backscatterina
efficiency is a meximum at a radius of 0.113y [22]. A 0.113y radius

was found sufficiently close to the maximum aerosol concentration radius
of 0.1y to insure that its use will provide an approximation of the
maximum volume backscattering coefficient within the 0.1y to Tu radius
aerosol distribution. The choice of a narticle radius near 0.1 also
insured that the aerosol was nonnucleogenic since its radius of curvature
is less than the critical size for which a droplet and the vapor pressure
are likely to exist in equilibrium.

When a particle radius of 0.113; was used, the backscattering cross-
sectional area was 1.46 x 10-1°m?/particle. This value was divided into
the volume backscattering coefficient of 3.2 x 10-°/m and an average
aerosol concentration of 2.2 x 10° particles per m® was obtained. These
types of striations of hard dust, quartz, and clays or metallic particles
such as Al, Fe and Ti [23] present a more erosive material to reentering
missiles when compared to liquid droplets, ice crystals, and their soft
nuclei. The layer thickness in this case was 500 m, and again the Athena
reentry angle was approximately 23°. Thus the missile traversed almost
1280 m of either ice crystals with an effective concentration of 2 x 10“
particles/m® or the harder arid particle matter with a concentration of
2.2 x 108 particles/m3.

CONCLUSIONS

The Tidar system was successfully employed to detect conventionally
undiscernible atmospheric clouds and layers along a missile reentry
corridor. Such layers introduce unexpected additional nose-cone erosion
which can eventuaily alter the projectile's angle of attack. Subvisible
particulate concentrations were located at heights of 9.3 km and 14.3 km
on 26 April and 24 August 1973. On each of these nights an Athena-H
missile reentered the atmosphere in the vicinity of the laser probed
region. These two tenuous layers were measured to be 360 m and 500 m,
respectively, in vertical depth. Analysis of the lidar data, concur-
rently recorded radiosonde atmospheric density and relative humidity
data, and an aerosol model yielded an average volume backscattering
coefficient of 4.3 x 10=°/m for 9.3 km layer and 3.2 x 107°/m for the
14.3 km Tayer. Based on previous in-situ measurements of cloud and
aerosol particle sizes and shapes at the given altitudes and atmospheric
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temperatures, average particle concentrations were calculated for each
Tayer. On 26 April the cloud striations had concentrations of 3.7 x 10°
liquid droplets/m?, or 2.6 x 10 ice crystals/m’, or a combination thereof.
The higher altitude layer of 24 August had either a concentration of

2 x 10" ice particles/m? or 2.2 x 10% particles/m’ of the harder arid
aerosols.

Although lidar probing of the atmosphere has successfully detected clouds
and aerosol Tayers below radar thresholds and has aided in defining a
truly clear atmospheric condition during reentry missions, the data
analysis of these results required that assumptions be made regarding

the subvisible layer particulate sizes, shapes, and elemental composition.
In this regard, this report has established an additional requirement

for additional and more accurate measurements of cirrus cloud particulate
size, shape, phase, and Tiquid to ice ratios as a function of cloud
altitude and temperature. A scarcity of stratospheric aerosol micro-
structure measurements was also found to exist, particularly in the
category of the more erosive, usually anhydrous, hard aerosols. Simul-
taneous lidar and in-situ measurements of the aforementioned parameters
would be especially useful as a data base for future lidar support of
reentry missions.
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