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INTRODUCTIO N

Nissile reentry flight tests have demonstrated that high -velocity
traversal of rain or clou ds causes ex tens i ve damane to reentry thermal
protective material [1]. Since an ablating nose cone with a sniall angle
of attack will erode asyi;iinetrica ll y, excess i ve abla ti on w i ll alter sig-
nificantl y the reentry projectile ’ s angle of attack. The problem is
compounded by the fact that these asymmetrical ablations have been
observed during flights throuqh 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 jointl y
sponsored the research effort described here . Altho uci h atmospheric
ablation of reentry vehicles is a function of heat shield material ,
body geometry , angle of attack . and atmospheric density , this report is
solel y related to the detection of subvisible atmospheric material which
apparentl y i ntroduced nose-cone eros i on beyond which woul d be normall y
observed or calculate d based upon rocke tsonde atmospheri c dens it,y data .

Specifically, th is report describes the laser lic iht detection and rang-
in g (lidar) technique used to locate visually unobservable atmospheric
particula te concen trations dur i ng several Athena-H fl ig h ts whi ch origi-
nated at Green Ri ver , Utah , and impacted at White Sands ~issi le Ranqe ,
New Mex i co. Subv i si b le tenuous atmospheri c layers were loca ted w i th
the lidar 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 identi fy the existence of invisible
layers and the i r hei gh ts and th ic knesses , but also rrovides nieasuret nents
wh i ch when anal yzed i n conjunc ti on wi th radi osonde meteoro l og ical data
and an aerosol model can contribute plausible information on the parti-
cle identi ty and average concentration.

ATMOSPHERIC LAYER DETE C~ ION THLORY

Lidar transmitter emissions are electroi iiaqnetic wave pulses at optical
wav elengths with a high monochromatic quality . At optical wavelen gths ,
these pulses , while propagating through the atmosphere , i nterac t w i th
atmospheric molecules and particulates and produce a backscatterod
laser l ig h t sig nal of suff i ci ent magni tude to be detectab le by a
receiver mirror and photomultiplier arranoernent. The fraction of the
total backscattered l ig ht power collected by the recei ver m i rror is
qiven by Eq. (1).

2

• ..
~~

— 
.

- . - 
_ • •‘ •• •%

-
•
‘

_

/

‘

~~~~

- 

~~~~~~~~~~~~~~~~~~ 
.-

~~~~~~~~~~~ 
*



r
EcA

P.(r) = —s--— [.-~ (r) + Bri (r) + mm(r)]e J (~ 
+ + :~)dr (1)1 8’r o

“here

= power incident on receiver aperture .

Et 
= transmitted laser energy .

A = receiver aperture .

B = average aerosol backscattering cross-sectional area.

r = cloud particles average backscattering cross-sectional area.

r = slant range.

c = speed of light.

m = cloud-average particle density .

n = aerosol average density .

= molecular extinction coefficient.

= Ray leigh backscatterinq cross-sectional area.

= aerosol extinction coefficient.

p = molecular density .

= cloud extinction coefficient.

The quantity of importance here is the cloud volume backs catter irtq
coeffi ci ent , rm(r). even though cloud water droplet concentrations ,

are i inor in numbers when compared to the molecular densities ,
p (r) , the i r part i culate sizes are comparable to or greater than the
l aser wavelen gth , and thus the i r backsca tterin g efficiency is much
greater than tha t of molecules . It is this effect whi ch renders a
l id ar useful for detecti on of su~visib le tenuous l ayers . Thin , high-
altitude clou ds , wh ich are normally the type of unobservable clouds
present during reentry mission , have empirically been determined to be
adequatel y characterized as predominantly single scattering ensembles
[3]. Thus , in Eq. (1), the term rm(r) is that for a tenuous cloud in
wh ich multiple scattering effects are neq lig ib ’ e; i.e., ~ 0.1.
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An examp le of lid ar data man i fes ting a su bvi s ib le clou d on a clear
day is shown in Figure 1. Depicted on the left side of this oscillo-
scope photograph is a trace representative of the magnitude of the
recorded atmos pher icall y backsca ttered las er energy as a funct ion of
altitude. The ri ght side pulse is the output of a photod iode which
senses a fract i on of the laser ’s output energy . The second nrid from
the bottoni on the left trace of Figure 1 shows the pulse caused by the
clou d reflections. This cloud tias at a height of 3.5 km above ground
level (AGL). The assertion that this pulse represents a suhvisib le
clou d i s based on stu d ies of severa l pho tograph sets of laser energy
reflec tions from visible striated clouds which gra duall y d isa pp eared
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
layers [5]. Either concentration will enhance the maonitude of the
ex p ress i on ~m(r) and introduce amp lit ude var ia ti ons i n the reflected
laser energy profile . The data of Fin ure 2, also obta i ned on a totall y
clear day , show energy t~’ace un du lations which are not uncommon at
tropospheric altitudes a’ are the result of particulate strat i f icat ions.
Mathematically , the amp litude variat ions represent changes in the
quantity r m(r )  which describes the backsc atter in q properties of the
particulate layer. Unlike the case shown in Figure 1 , there is normally
no prior information regarding the particulate size or composition of a
lidar detected subv is ib le  layer. Nonetheless , based on past in-s i tu
microstructure measurements of high-altitude l ayers , reasona b le average
particle sizes were assumed to obtain averaqe particle density .

In the absence of clou ds [m(r) = 0] and a sufficiently d is perse d aerosol
med ium {n(r), small] , the backscattered energy amplitude is proportional
to the sum of, the quantities . . .- (r) and Bn(r) and appears as a sniooth
trace on the osc i llosco pe da ta photograph . Fi gure 3 is a data film of
a smooth energy p rofile recorded alon g an exceptionally clear atmospheri c
path , 21 March 1973 , with visibility greater than 60 kiii . The atmosphere
was devoi d of any parti culate layers on that morn i ng.

The other expression in Eq. (1) containing atmospheric constituent
factors is the exponential quanti ty exp-2 [J(.-t s ‘

~ + cT)dr] which rep-
resen ts the atnDspheric attenuation of the laser beam intensity as a
fun ction of range. Because of the rarefied character of the subvisib le
layers , no attemp t was made to extract any specific atmospheric particle
i nformation from th i s exponential coeffi ci ent.
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Figure 1. Lidar height and Finure 2. I3acksc~ttered laser
rela tive backscattered enerqy undu lations
energy profile (left caused by thin
trace). Note pulse na rti culate la yers .
at 3.5 km caused by
tenuous clou d .
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Figure 3. Profile of backscattered laser energy on a day devoi d of
clou ds and particulate la yers .
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LIDAR SY STE 1~
The Sandia Laboratory GB-60B lidar system , show n in Figure 4 , was
employed during the Athena-H reentry projects . This system consists
primarily of a “Q-swi tch ed” ruby laser transmitter , a Cass eqrain ian
te lescope , light f i l ter , and a photo m u ltip lier comprisin g 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 assoc iated instrumentation in detail.
The basic lidar character ist ics are as fol lows :

Wavelength 6943 angstroms

Maximum output energy 4 jo u les/ pu lse (0-spoi led)

Pulse width 20 -30 nanoseconds

Maximum beam divergence 8.5 mi l l i radians

Maximum repetit ion rate 20 per minute

Light f i l ter bandwidth 20 angstroms

Receiver aperture 1.68 snuare meters

Photomultip lier RCA 7265

Sighting capabil i ty Azimuth 0 to 360 degrees
Elevation 0 to 90 degrees

Trans mitted laser energy , Et , per pulse was determined from the
photocathode pulses ( l ike those shown in Figures 1 through 3 on the
right side trace ) and an energy output cal ibrat ion. It was establ ished
tha t the area under each of these pulses i s p ro portional to the amount
of laser energy which activated the photodiod e , provided that the
photodiode is a linear detector [7]. A calibration curve was construc-
ted before each probing mission by plotting photodi ode pulse area as
a function of lase r out put ener gy. Out put ener gy levels were s et by
adjusting the laser flashlamp voltage . A light-beam splitter , situated
between the laser rod front end and a Ha d ron conical aperture therm opil e ,
deflects approximately 4% of the total beam energy into an ITT F4000
photodiode. Energy levels were maint ained between 0.5 joule/pulse and
2.5 joules/pu lse in order to stay within the detector ’s li near re gi on .
Dur i ng the atmos pheric lasin g per iods , the thermopi le was removed , but
the beam s plit ter and photo d iode rema i ned in p lace . Photonra phs of
osc i l losco pe dis p la ys of the photod iode pul se were subsequently used
in conjunction with the calibrati on to establish the individual pulse
energy.
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Figure 4. GB—60B laser linht ranging and detection system .
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Atmospherical ly ref lected laser energy col lected by the receiver ’ s
primary mi rror is focused , via a secon dary mir ror an d a alass enc lose d
light filter , onto the photo m ultip liers photoe missive surface. The
corresponding photo multiplier output signals are fed directly to an
oscilloscope where the voltage amplitudes are displayed and photographed .
When the sampling time , :~t, is greater than the cr1 1 tted pulse ~.‘l dth , T

and the voltage amplitude remains approx irr ately constant within ~t , thelight power incident on the prima ry mirror may be obtained from the
recorded voltage by emp l oying the relati on:

p . = v (2)
~ R .R .,qN

where

= osc i l loscope vol tage.

y = photomulti p lier gain.

= osci l loscope input impedance.

= photomulti plier responsivity at a speci f ic  wavelength.

= receiver optical attenuation.

Vol tage samples used in this experiment were 0.l~.sec lon g, 3.3 times
lon ger than the max imum pulse w idt h an d su ff i c i ently short to ma i nta i n
the backscattered energy relatively constant.

Solu tion of Eq. (2) requires a knowledge of the lidar system parameters
R1, R~ , g, and N0. By terminating the photomultiplier output cable with
a f ixe d resis tor load , the oscilloscope input impedance R1, was ma i n-
tained at 50 ohms . A responsivity of R., = 16 x 10~~ amps/watt as listedin the tube s pec ifi cat i ons for ruby wavelen g th was assu med sinc e a new
RCA 7265 pho tomul tip lie r was i ns tal le d specif ic ally for the Athena
projects . Photo nr ultip lier gains , g, are different for each tube config-
ura ti on , dynode circuitry , and app l ied anode-to-cathode voltage. While
the tube configurat ~on and dynode circuitry remain fixed durina a test ,
the ano de vo lta ge does not ; therefore , a gain versus ano de vol ta ge tab le
had to be esta bli shed. The measure d gains , g, as a func ti on of applied
vol tage are li ste d below :
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Anode Volta ge
(kV)  Photomu ltip lier Gain

1.3 1.4 x l0~1 .4 3.1 x lO~1.5 6.6 x l0 ’
~1.6 1.3 x 10~

1.7 2.6 x lO~1.8 4.8 x lO~1.9 8.7 x lO~2.0 1.6 x lO~2.1 2.6 x lO~2.2 4.4 x lO~2.3 7.6 x lO~2.4 1.0 x 1O~
The receiver optical attenuation factor , N0, accounts for mirror re flec-
tion losses and the light filter and its glass enclosure losses . To
determine the system ’ s optical attenuation , radiation from a standard
~‘ingsten ribbon lamp was directed onto the photo m u ltip lier , and its
output current was irieasured . Subsequently, a current reading was
obtained after the same radiation was allowed to pass through the
mir rors , f i lter , and glass enclosures . Irradiation was at a wavelength
of 0.7 angstrom. A value of 0.36 was ob tained from the rat i o of the two
ou tput currents and the respective aperture areas. This value was then
multiplied by 0.9, the photomu ltip lier glass enclosure transmissivity ,
to esta b l i sh N0 to be 0.32.

The slant range of each specific target is also acquired from the
osci l losco pe photo gra p h. Fixed time delay gating of the scope ’s
hor i zontal swee p tr i gger and the sub se quen t ela psed times read from
the data po loro id 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
norma lly undiscernible by conventional techniques which miaht be present
at the specifi c heights of 12 and 6 km along the reentry path. A second-
ary objective was to establish whether subvisible particulate layers
existe d at any altitude and , if so, determi ne the l ayer altitude and
depth . The GB-60B lidar and peripheral equipment were located at the
Wh i te San d s Small Missi le Ran ge , 40 km south of the programmed Athena-H
im pact area. Figure 5 shows the lidar U s geographical location and
three eli p t ical areas denotin g the locat i ons of the atmos pher i c re gi ons
where the an ticipated Athena-H trajectory intersects the 12 km , 6 kni ,
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and surface levels. Since the atrriosp heric volumes centered at the 12
and 6 km intersection were the regions of pr i mary conc ern , most of the
laser probi no was directed towards these areas while other altitude
intervals along the reentry path were probed only intermittently.

Seven Athena-H reentry uis .sions were supported: four missiles were
success fully launched and three were aborted due to either excessively
high wind velocities at the launch site or excessive cloud coverage at
the m issile impact area. Laser probing served not only to detect
visually imperceptible layers but also to provide weather personnel
~‘iith cloud coverage information. On the afternoon of the fi rst Athena
cancellation ,, the sky cloud coverage was approximatel y 75~ with a
preponderance of cumulus clouds . Later in the evening and during the
night , sky coverage increased wi th  cirrus clouds covering most of the
sky ’ s open spaces. [xamp1e~ ~f laser ener gy re flec ti ons from a cu mulus
clou d , recorded at 1459 MST , and a c i rrus cloud , recorded at 2115 , both
on 22 Mar ch 1 97 3, are shown in Figures 6 and 7, respectively. Layers
of sporadically occurring and faintly observable cirrus type clouds,
centered at a height of about 4.8 km , were detec ted on 29 warch 1973
when two Athena—H missiles i ‘pa ctod on Smal 1 Mi S 5~ le Ran ge.

On the n i ght of 26 April 1973 , an Athena -H missile reentered throunh
an over-the-impact-area cloud coverage , descr ibed earlie ” 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. Fi gure 8 shows the voltage
enhancement , at 9.3 kin , ca use d by these subv i s ib le tenuous water layers .
Elsewhere , the atmosphere was found devoid of any particulate layers
up to an altitude of 30 k rs on this day .

During the night of 23-24 Aunust 1973 , t he laser ~as successful yemployed to detect an otherwise invisible atmospheric particulate
layer at a hei r it of 14.3 H~. In addition , at the low alt i tudes of
0.5 and 1.5 km , thin part iculate concentrat ions were also displayed in
the laser returned signals (Figure 9a). Further laser probinq results
showed the reqi ons between 1 .5 and 13.5 km , and above 15 km , to he
clear of aerosol la’ ,ers . Figures 9b and 9c show two atmospherically
clear regions w~iich - - It re I f  interest to the Athena project. The
visual ly im percept i b le layer in Figure Od , located at a height of
14.3 krn , is 0. 5 P in depth . This layer prevailed throughout the
Athena f l ight tine .
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Figure 6. Voltage enhancement cause d by v is ib le  cumulus cloud at
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Fi gure 7. Voltage enhancement caused by observable cirrus cloud at
a hei ght of 7 .8 km.
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Figure 9. Reflected laser energy profi les which show the status of
d ifferent regions of the atmosphere imme di a tel y after Athena-
entry 24 August 1973:

(a) Low-level , thin layer par t icula te concen tra tio ns .
(b) Clear atmosphere at 6 km height.
(c) Clea r atmosphere at 12 km height.
(d) Hi gh—altitude , subvisib le particulate layer. Lidar

beam azimuth and elevation were 347~ and 200 , res pec ti vel y.
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IMMEDIATE DATA

Atnospherica llj induced enhancement of backscattered laser light
intensity provides immediate information re lat ive to the existence ,
range , and thickness of subv is ib le  part iculate layers . W hen a layer
w as detected , its horizontal spat ial  extent out to the region of interest
w as easi ly measured. For example , Fi gure 10 dep icts the measured forward
horizontal extent of the subvisib le l ayer shown in Figure 9d. Its extent
was establ ished by varyi nq the laser beam elevat ion ann ie from 990 to l’Y .
The azimuthal direction uf the beam ~‘ias 3470 , w hich coincided w i th the
anticipated reentry path .

Layer depths  m~ rL det1~rni nod si mp l y by rrul t iplyina the time duration of
the vol tagc, enh .rrree m t  by one-half of the niagni tude of the speed of
light and th[ sin e of the laser bear -- e leva t ion  ang le. Anain , referrincr
to the layer in Fi~~ rc 9d , i ts vert ical  depth was immediately found to
be 500 n at a noi nt 72 km fon’;ar’l of the ii dar syste m . The tenuous
cloud of ?~ Ap~~ l (Figure 8) was also innre .liately calculated to have a
v e r t i ca l  dept h of 360 m at t Hat geographical location.

HATA IihA LYSIS RESUL T S

The laser i~ ks cattere cl ene rey data were further analyzed to determine
t rim a pp rox i~ et c micros tructure charac ter is t ics  of each parti culate layer.
Balloon radiosonde meteorolo g ical  data and ag aerosol model [8] were used
to complete the solution of Eq. ( 1 ) .  To oh ta in avo rane ice rart ic lc -  or
water dropl et den sitie s , Eq. (1) is exnress cH in terms of the mean cloud
volume back scatter inni coefficie nt:

- •  ~. 
P 1 (r )r

(3)
EtAc T

~
(r)T

~
(r)

ohm r e

= averag e backsc atter i nn cross-sect ional  area.

m = average par t ic le  density .

T~ (r) = e 
J’!(r )dr (3a )

T (r) = T~~(r) x T~~(r) (3b)
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Figure 10. Forward geographical exten t of subvisib le narticulate
ensem ble detected on 24 August 1973.
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I = e 2.r 41 (r)dr (3c)

T a = e . ~~2 (r ) d r  (3d )

where

= molecular s cat teri ng coef ficient .

= molecular absor pti on coeff i c ient .

In this solution of Eq. (1) ,  .: (r) and Bn(r) t~iere considered to be zero
within the layer since the predominant backscattered ene m y from the
clou d layer is that energy which is reflected from the water particles .
Also because of the lim i te d ve rt i cal ex ten t and sus pec ted low par ti cle
concentration of the cloud layer , the cloud ext inct ion coeff icient

< 0.1] was considere d neg l ig ible .

At ruby wavelen ctths, electromagnetic ~-iave absorption by atmospheri c
aerosol is neglig ib le when compared to aerosol sca tterina. “olecular
absor p tion , on the other hand , w as consi dere d because of the atmos pher i c
water absorption bands [9] located wi th in the emitted bandwidth . Tem-
perature measurements of the GB-60B ruby rod , ‘. ‘Hich was constantly cooled
w i th an alcohol-wa ter solu tio n, ind icated that lasi nq occurred at an
avera ge rod tempera ture of 2 C . Las i nq at 2°C causes the emi ss ion h er-
width to be S angstroms wide [lC~. Consequently, the emitted laser
spectrum ranged from 6939 to 6944 anqstroi’is . 1’!ithin this spectrum lie
s i x narrow water va por absorp t ion lines , each of r hich is about 0.25
angs trom w id e. To account for water va por absor p t i on , relative hum idity
data recor ded by ra di osonde ins trumen ts use d i n su pp or t of each reentry
mi ssion were integrate d into cen t imeters of p rec ipit a b le water . Base d
upon the computed integrate d ~-ia ter mass value , the transm ittance at
0.69 micron was obtained from the water vapor transmittance chart
com p iled by ~cClatchey [8].

Laser beam a ttenua ti on by the di s persed at mos pheric aerosol back ground
exist ing between the laser and the layer base ~‘as approximated by
uti li z i ng the McC latchey aerosol model . Corrections for attenuat io n
due to molecular sca tter i ng were based on atmos pher i c dens i ty values
obtained from ra di osonde data . Radiosonde atmospheric density data from
g roun d level to the layer base were converted to number of part icles per
unit volume , averaged over 1/2 km intervals , multi pli ed by the scatter i ng
cross-sectional area per molecule of 1.71 x l0-3m 2 [11], an d used to
ob ta i n the molecular op tical th i ckness .
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Before the ‘rore deta i led analysis of the laser data was performed , a
determination , or a t leas t a reasona b le assum p t i on , had to be made as
to whether a detected layer was composed of e ’ ther moist particles or
anhydrous aerosols , since their respective electromannetic enem y
scattering properties differ considerabl y . In certain cases where a
layer was established beforehand as a mater cloud , meteoro lonical radio—
sonde data were used to determine if the cloud was composed solely of
ice crystals. fla nnn [12] has reported that at temperatures of -70°C or
less no sup ercooled i-iater can exist in the liquid phase. Above 0°C, a
totally liquid phase nay be inferred. For temperatures between 0°C and
-70°C, at leas t two sets of calculat ions were requi re d : one re p resenta-
tive of a liquid cloud and the other of an i ce crys tal cloud . For a
mixture of liquid and ice particles , a third procedure , ex p laine d later ,
may be explored. I’Jhen no advance information existed regarding the
nature of the layer , an add it i onal set of ca lcu la ti ons was i nclu ded to
cons ider the existence of an anhydrous aerosol l ayer.

Anal ysis was first performed on the layer data shown on Figure 8 and
recorded the night of the 26 April 1973 Athena -H mission. Although
th i s was the th i rd fli ght of the lid ar su ppo rt series , it was the f i rst
mission firing during win ch a subv i sib le l ayer occurred . A priori
i nforma ti on revealed that the su bvis ib le layer was a wa ter clou d. Th i s
conclus ion was base d on daylig ht v i sual observa tions , concurrent h id ar
detection , and a continual h id ar mon i tor i ng of the clou d unti l darkn ess
when i t was visuall y imp erce pt i ble . Exam i na ti on ~f the ra di oson de
temperature da ta for 26 Apri l 197 3, 21 30 li ST , showed the atmospheric
temperature to be -50.1°C at the cloud height of 9.3 km AOL. Therefore ,
the cons ti tuents in th i s clou d were one of the follow i ng three: all
i ce crystals , all su percooled liq ui d d ro p le ts , or a mixture of both .
First , this cloud ensem b le wi l l  be assume d as con ta i ni ng liq uid d rop lets
only. Subsequently, the cases of ice cry s tals onl y an d a mix ture of
ice and liquid particles will be considered .

Computations of each of the Eq. (3) parameters pertaining to the laser
clou d data of Fig ure 8 fol low . The three trans mi tt ance fac tors were
cons id ere d f i rst . Based on the 2130 ~1ST rad i oson de rela ti ve hum id ity
an d temperature profiles , an integra ted water mass quantity of 6.1 em/cm 2
was obtained for the one-way laser beam slant path of 1058 km. A
transmittance factor [T~a

] of 0.88 was obtained for two-way transmission
ever 6.1 gni/cni of wate~. Calculat ion of the aerosol scattering factor
[T~] was based on the clear-da y aerosol model data [8] over the same
slan t path distance from the lidar to the cloud base . A value of
T8 = 0.646 was obtained . To evaluate Rayleigh scattering attenuation ,
radiosonde atmospheric density data for 26 April was employed. T 5 was
foun d to be 0.947 .
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Computation of the parameter , P.j , ref lected light powe r incident on the
primary mirror , requ ired tha t f irst an avera g ing technique be developed
for Pi, since it varies as a function of cloud depth due to the variations
in range , part icle size , and particle concentrations within the cloud .
Pi values as a function of cloud depth were obtained from Eq. (2) and
t he vo l ta ges of Figure 8 wh i ch are s hown rep lo tted on Fi gure h a . Sub-
sequently computed range correc ted P-j va l ues, or P i r 2 , are shown in
Figure llb. The range corrected P (average value of 7.87 x 10’ watt -ire
was ac qu i red from the equa t ion

=
(4 )

dr
0

whe me

~rc = range corrected P
~ 

valu es.

d = cloud depth in laser beam direction.

Laser output energy, Et, corresponding to the pulse of Figure 8 (right
side trace) was determined to be 1 .7 joules . The photo multip lier gain
at this time was 2.6 x l0~ .

Substitution of all the above numerical values into Eq. (3) yielded an
avera ge volume backsc attering coefficien t Liii] of 4.3 x lO-5/m. Since
the base of th i s clou d was well a bove 6 km. the inference was tha t th i s
was a cirrus cloud [13]. Such tenuous clouds are frequently visibl e
over the White Sands basin during dayl i ght hours but become subv isib le
at night. The predominant radius in cirrus type cloud particles is
4.2~.m [4]. Using 4.2im as the avera ge water droplet radius , an index
of refraction of 1 .33, a mean backscattering cross-sectional area [i’j
of 1 .1 x lO ’10 m~/partic1e was obtained . Emp loy i ng th i s va lue and the
above volume bac ksca tter ing coef fi cien t, an avera ge wa ter droplet
concentration of approxima tely 3.8 x 10~ par ticles /m3 was final ly esta b-
lished for the case of a liquid water ciDud represented by Figure 8.

At an atmospheric temperature of -5O.l~C i t may be more reasonabl y
assumed tha t the cloud l ayer 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 primaril y in the size range
of 8 to 5O~m lon g with pr i sm base ra dii 1/3 or smaller than the i r
len gths [l5j at temperatures of -SO°C or less. Exact scattering cross-
sectiona l areas for prismatic coluni’~s do not exist because of the mathe-
matical intrac tabiliti es tha t have been encountered . Nevertheless , an
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b. Range corrected recorded power as a function of slan t
range .

c. Average range corrected power within cloud volume .
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expression does exist for the scattering cross-sectional area of
randoml y or i ented cy lind ri cal ice crystals for wh i ch the crysta l len gth ,
1 , is 1 > 2a ~.; a i s the crystal  base rad ius , and ~ i s the wave len n th
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 Mie enuivalent
radius of 25~m, a backscatterinc j cross -sect ional  area of 1.6 x 10- tm
per crystal was obtained. Dividing this value into the volume back-
scattering coefficient of 4.3 x lO-5/m yielded an average ice crystal
density of 2.7 x l0~ crystal/in ’ for the cloud of Figure 8.

In the genera l case when the cloud composition consists of a mixture
of liquid droplets and ice crystals , the res pec ti ve parti cle concen-
trations would be deduced from an equation of the form

G = 
~ rn + r . m ,

i -i

where

G = total volume backsca tteri nn coef fi c i ent.

= liquid.

i = ice.

A s imultaneous measuremen t of the liqu id to i ce part i cl e concentra t i on
ratio is required to solve Eq. (4). Lidars i’iith polarization discrimna-
tion filters can provide this information 117]. The GB-GOB lidar did
not have this capability during the Athena-H reentry fli ghts; conse-
quently, the above genera l equat i on cannot be solve d here . However ,
trial combinations of fractions of the liquid and ice particles concen-
trat i ons sat is fying Eq. (4) may be emp l oyed until an answer is acquired
wh ich is representative of the excessive erosion encountered by the
reentry projectile in question.

On 26 April 1973 , the Athena-H reentry an g le at the clou d he ig ht of
9.3 km AGL was -23°, the cloud depth in this reentry vicinity was 310
m. Therefore , from this lidar data it was calculate d that the mi ss i le ,
which was travelin g a t app roximately 6000 m/s , traversed throu gh abou t
800 in of 3.7 x lO~ l iquid droplets /rn 3 , or 2.6 x lO~ ice crysta ls /m 3 ,
or a comb i nation thereof . This was all eros i ve ma ter i al which was un-
expecte dly p resent i n an apparently clea r a tmos phere .
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Normally , no a prior i i nformat i on is ava i lable about su b v i s i ble layers
as was the case dur i ng the 24 August 1974 reentry f l ighc .  On that day
the layer shown i n Fi gure 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.E C during
the p ’wbir q time interval. Therefore , it was concluded that this
ensemble contained no water in the liquid phase and was thus composed
of ei ther ice crystals or anhydrous aerosols. Assu m inn that the layer
par ti cula tes were all in the ice phase and the cloud ~-ias ci rrus , because
of its hig h-al titude locat i on , the computational procedure followed in
previous sections was repeated to again obtain the averace microstructure
clou d characteristics . Thereafter , the sa n e anal ys is  was performed under
the assumption that the atmospheric stratif i cation was composed solely
of anhydrous aerosols.

To probe the reentry vicinity at a hei ght of 14.3 km . las ing was
conducted at an elevation angle of 20 , and thus a slant path of 41 km
(distance to layer base) was used to calcul ate laser beam atmosp her i c
attenuation. Again based on radiosonde data , 0130 MST , 24 August ,
molecular sca ttering 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 2 . Clear -day aerosol attenuation
factor was 0 .64 . Other compu ted pa rameters were ran ge corrected avera ge
power received , 2.98 x 10- watt s— m~; laser output energy, 0.9 joule; and
photomultiplier gain , 8.7 x 10’ . These numeri cal values yielded a
volume backscat tering coefficien t of 3.2 x 10- ’ 7km .

By using the previously computed average backscattering cross-sectional
area of 1.6 x lO - 3 m ’ per cirrus ice crystal and the above volume back-
scattering coefficient , an average ice crystal density of 2 x 10° ice
particles /rn3 was es ta bli shed for the layer of F i gure 9d.

Consi deration is now given to the pos sibl e existence of an arid aerosol
layer since atm ospheric wa ter content at 14.3 km is usually minimal .
Aerosol accumulations over the Whi te Sands Missile Range vicinity have
been repor ted at al titudes between 12 and 27 km [18 , 19]. Dyer and Hicks
L 20] have reported aerosol layers in the 8 to 15 km interval with radii
of 0.1; to 1 ~~. Chagnon and Junge 121 ] had previously determined the
same radius range for aerosols ~“hich consistently exhibited maximum in
the lower stra tosphere and found these aerosol to have a size distribu-
tion approximately inverse to the square of the particle radius. With
such a s i ze d i stribution , the h4 ghes t concentrat ion of particles is
tha t for aerosols with a radius of O.l~ .
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Honhyg rosco pi c aerosols are the dust and metall i c nar ti cles 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
tha t these nonnucleating aerosols are spherical and nonabsorbing. For
a O .l~ to lp radius spherical particle wi th an index of refraction near
infinity , and an impinging wavelength of O.694r , the backscatter i na
efficiency is a max imum at a radius of 0 .113; [22]. A 0.113 ;j radius
was found sufficientl y close to the maximum aerosol concentration radius
of O .lji to insure that its use will provide an approximation of the
max imum volume backscattering coefficient within the O. l;~ to l~ radius
aerosol dis tr ibut i on . The cho i ce of a narticle radius near 0.1 also
insure d that the aerosol was nonnucleo gen i c s i nce i ts ra di us of curvature
is less than the critical size for which a droplet and the vapor pressure
are likel y to exist in equilibriu m .

When a particle radius of 0.113 . was used , the backscatterin n cross-
sect ional area was 1.46 x l 0 ’~m’ /partic le. This value was divided into
the volume backsca ttering coe ffic ient of 3.2 x 10- ’ /m and an average
aerosol concentra t ion of 2.2 x lO~ part icles per m 3 was obtaine d. These
types of str iations of hard dust , quartz , and cla ys or metal l ic par ticles
such  as Al , Fe and Ti [23] present a more erosive material to reentering
m issi les when compared to liquid droplets , ice crystals , and their soft
nucle i. The layer thickness in this case was 500 m , and a ga in the Athena
reentry angle was approximately 23°. Thus the missile traversed almost
1 280 m of either ice crystals with an effective concentration of 2 x lO~pa rticles/ rn3 or the har der ar id part icle mat ter w i th a concentrat ion of
2.2 x 108 partic les/m ’

~.

CONCLUSIONS

The lidar system was successfull y emp loyed to detect convent ionally
und isce mn ib le a tmos pheric clou d s and layers alon g a mi ss i le reentry
corridor. Such l ayers introduce unexpected additional nose-cone erosion
which can eventually alter the projectile ’s an gle of attack. Subvisib le
par ti cula te concen trations were locate d at heights of 9.3 km and 14 .3 km
on 26 A pril 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 l ayers were measured to be 360 in and 500 m ,
respectively, in vertical depth. Analysis of the lidar data , concur-
rentl y recorded radiosonde atmospheric density and relative humidity
data , and an aerosol model yielded an average volume backscattering
coefficient of 4.3 x 10 5 /m for 9.3 km l ayer and 3.2 x l0 /m for the
14.3 km layer. 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 , avera ge par ti cle concentra ti on s were cal cula ted for eac h
l ayer. On 26 April the cloud striations had concent rations of 3.7 x lO~
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 cencentra tion of
2 x 10° ice particles/rn 3 or 2.2 x 10 ’ particles/ n ’ of the harder arid
aerosols .

Al though lidar probing of the atmosphere has successfully detected clouds
and aerosol layers below radar threshol d s and has a id ed i n de fin ing a
truly clea r a tmos pher ic con di tion durin g reen try m i ss ions , the data
anal ysis of these results re qu i red that assum pti ons be made re gar di ng
the subvisible l ayer particulate sizes , sha pes , and elemental composition.
In th is regard , this report has established an additional requirement
for additional and more accurate measurements of cirrus cloud particula te

— s i ze , sha pe , phase, and liquid to ice ratios as a function of cloud
alt i tude and tempera ture . A scarcity of stratospheric aerosol micro-
struc ture measurements was also found to exist , particularly in the
category of the more erosive , usually anhyd rous , hard aero sols. Simu ]-
taneous li dar and in-situ titeasurements of the aforementioned parameters
would be especially useful as a data base for future lidar support of
reen try miss ions .
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Comma nde r Comman der
IS A rmy Missile Command US Army Electronics Command
ATTN : DRSMI-RRA , Bld g 7770 AIIM: ORSEL-GG-TD
Redstone A rse nal , AL 35809 Fort Monmouth , NJ 07703

Air Force Avionics Lab Dr. Robert Durrenber qer
ATTN : AFAL/TSR Dir, The Lab of Climatology
iJright-Patterso o AFB , Ohio 45433 Arizona State University

Tempe. AZ 85281

Commande r
US Army Elec troni cs Command Comman der
ATTU : DRSEL—VL -D Headquarte rs , Fo rt Huac h uca
Fort Monrnouth , NJ 07703 AIIM: Tech Ref Div

For t Huac hu ca , AZ 8561 3

Commande r
USAICS F i e ld  A rti l l e r y Consul ta nt s
ATTN : ATSI-CTD -MS 1112 Becontree Drive
Fort Huachuca, AZ $5613 AIIM: COL Buntyn

Lawton , OK 73501

EAR Cen ter
Bureau of Reclamation Commander
ATT M : Bldg 67, Code 1210 US Army Nuclear Agency
Denver , CO 00225 ATTN : ATCA -NAW

Building 12
Fort Bliss, TX 79916

HQDA (DAEM-RDM /Ilr. De Percin)
Forrestal Bld g
Washini’tton, DC 20314 Director

Atmospheric Physics A Chem Lab
Code 31 , NO AA

Comman der Depart men t of Commerce
A ir Fo rce Weapons Labora tory Boulde r , CO 80302
AIIM: AFWL/i’JE
V,irtland AFB , NM 87117

Dr. John L. i’lalsh
Comma nde r Code 5503
US Army Satellite Comm Agc Navy Research Lab
AIIM : DRCPM-SC-3 Washington, DC 20375
Fort t’lonmouth, NJ 07703
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Commander Commander
US Army Air Defense School Naval Electronics Lab Center
AIIM : C&S Dept, MSLSCI Div AIIM’ Library
Fort Bliss, IX 79916 San Diego , CA 92152

Director National Security Agency Office , Ass t Sec Army (R&D)
AIIN: TDL (C5l3) AIIN: Dep for Science A Tech
Fort George G. Meade , MD 20755 Hq, Department of the Army

Wa shinqton , DC 20310

USAF EPAC /CBT (Stop 825)
AIIM : Mr. Burgmann Director
Sco tt AFB , IL 6222 5 US Army B a l l i st i c Resea rch La b

AIIM : DRXBR-AM , Dr. F, E. M iles
Aberdeen Proving Ground , MD 21 005

A rmament Dev & Test Center
ADIC (DLOSL )
Eglin AFB , Flo rida 32542 Commande r

Frankford Arsenal
AIIM : Library , K2400, Bl dg 51 -2

Commander Philadelphia , PA 19137
US Army Bal l i st i c Rsch Labs
AIIM : DRXBR-IB
Aberdeen Proving Ground, MD 21005 Diroctor

US A rmy Bal l i sti c Research Lab
AIIM: DRXBR -XA -LB

Director Bldg 305
Naval Resea rch Laborator y Aberdeen Proving Ground , MD 21 005
Code 2627
Washington , DC 20375

Dir , US Naval Resea rch Lab
Code 5530

Comma n de r Wash i n g ton , DC 20375
Nava l  Elect Sys Cmd f-IQ
Code 51 014
Washin gton , DC 20360 Comander

Office of Naval Research
Code 46O-M

The Library of Congress Arlington , VA 22217
AIIM : Exchange & Gift Div
Washington , DC 20540
2 Commande r

Naval Weather Service  Conet and
CO . US Army Tropic Test Center Washington Navy Yard
AII M : STE IC- MO-A (Tech Lib) Bl dg 200, Code 304
APO New York 09827 Washington , DC 20374
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Technical  Processes Br Commander , Nava l Ship Sys Cmd
Technical Library , Rm 3 S-OR

floom -
~- i 0 , Libraries )iv ‘IOA A National Center Mm . 3

:-:‘ i~~-t l T t h  St Washin gton , DC 20360
Silven Sprin g , MD 29910

Commandant
The i”tvironme nta l flsch Institute of MI US Army Signal School
ATT ’- : IR IA Libr ary AIIM : ATSN-CD-MS
P0 ~rx ~1O Fort Gordon , GA 30905
An r -~ “~~~~~“ , ‘I~ 

.1 10 7

Rome Air Development Center
: , 1 . ~ ,ne Scientific Info Center AIIM : Documents Libra ry
f
~ T’,: J’iief , Documents TILD (Bette Smith)
US An i’ty Mi ssile Command Griffiss Air Force Base , N Y 13441
L:,~’istone Arsenal , AL 35809

HQ, ESD/DRI/S-22
Coitina nder Hanscom AFB
E dq ewoo d Arsenal  MA 01 731
ATIN : SAREA—IS-L
Aberdeen Proving Ground , MD 21010

Commander
Frankford Arsenal

Syl vania Elec Sys Western Div AIIM: J. Helfrich PDSP 65-1
ATIN : Technical Reports Library Philadelphia , PA 191 37
PU Box 205
Mountain View , CA 94040

Director
De fense Nuclea r Ane ncy

Commander AIIM: Tech Library
US A rmy Securit y Agency Washington , DC 20305
~tTTM : lAR D-OS
Arlin gton Hall Station
Arlington , VA 22212 Depar tmen t of the A ir Fo rce
2 5W W/DOX

Langley AFB , VA 23665

President
YS Arrtv Field Artillery Board Commander
Fr’rt c - i ll, OK 73503 US Army Dlissi le Command

AITN: DRSMI -RER (Mr. Haraway)
Redstone A rsenal , AL 35809

Coririandant
US A rmy Field Ar t i l le ry  School
AITN : AISF-IA-R CPT Hugh Albers , Exec Sec
Fort Sill , OK 73503 Interdept Committee on Atmos Sd

Fed Council for Sci & Tech
Nat ional Sd Foundation

CO. USA Fore ign Sd & Tech Center Washington , DC 20550
AIIM : DRXST-IS I
220 7th Street, NE
Charlottesville, VA 22901
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US Army Resea rch Office Dr. Frank D. Eatoti
AITN : DRXRU-IP PU Box 3038
Pt) Box 12211 University Station
Resea rch Tr i an g le Park , MC 27709 Laramie , l’iyominq 82071

Commander Commander
US Army Training A Doctrine Cmd US Army Arctic Test Center
AIIN: AICD-SC AIIN : SIEAC-OP-PL
For t Mon roe , VA 23651 APO Seattle 98733

Mil Assistant for Environmental Sciences Commander
OAD ( E & LS ), 30129 US Army Electronics Comand
The Pentagon AIIM: DRSEL—GS -H (Stevenson)
Washi n gton , DC 20301 For t Monmout h , NJ 07703

Commander Commander
Eustis Directorate USACACDA
US A rmy Air Mobility R&D Lab AIIM: AICA-CCC-W
AIIM: Technical Library Fort Leavenworth , KS 66027
Fort Eustis, VA 23604

Commander
National Weathe r Service US Army Test & Eval Cmd
Na ti onal Meteo rolo gi cal Cente r ATTh: DRSTE-F A
Wo rld 1-leather Bldg - 5200 Auth Rd Aberdeen Proving Ground , MD 21005
AIIM : Mr. Quiroz
Was hington , flC 20233

Air Force Cambridge Rsch Labs
AIIM : L K I

Commander L. 5. Flansco m rield
US Army Materiel Command Bedford , MA 0 1730
AIIM: DRCRD-SS (Mr. Andrew )
Alexand ria, VA 22304

Director , Systems R&D Service
Federa l Aviat ion Administration

Commander ATIN : ARD-54
Fraokford Arsenal 2100 Second Street, SW
AIIM : SARFA-FCD-0, Bldg 201-2 l-Jashinqton , DC 20590
B ri dge A Tar con y Sts
Philadelphia, PA 19137

USAFETAC /CB (Stop 825)
Scott AFB

I nge D i r m h i r n , P rofessor IL 62225
Utah State University, UMC 48
Logan , UI 84322

Di rector
Chief , Ae ros pace Env i ron D i v USAE Waterwa ys Ex per i me nt Sta t ion
Code ES41 AIIM : L i brary
NASA PU Box 631
Ma rsha l l  Space F l i gh t Cen ter , AL 35802 Vicksburg , MS 39180
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l ete ri se Documentation Crrite r
ATTM : DDC-TCA
Cameron Stat ion (BLDG 5)
A lexandr ia ,  V i rq in ia 22314
12

Comman de r
US Army Electronics Cotti ntand
AIIM: DRSEL-C I-S
Fort Nonmouth , NJ 07703

Coii~n ander
Hol lotnan Air Force Base
5535 TG/WE
1-lolloman AFB , MM 88330

2’ o ”naridant
ISAFAS
ATT U: ATS F—CD -MT (Mr. Farmer)
Fort Sill , OK 73503
2

C o m m a n d a n t
USAFAS
ATIrI : AISF-CD—C (Mr. Sh e l t o n ~r urt Sill , OK 73503
2

- - ii’iander
US Army Electronics Command
AIIM :  DRSEL-CT-S (Dr. Swingle)
Fort Monm outh, NJ 07703
3
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