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Foreword 

When Dr Philbrick left the Geophysics Laboratory in March 1988, he had completed the text 
of this report, and had selected the illustrations. He sent approximately half of the illustrations to the 
Laboratory in March 1989. The departure of Dr Dwight Sipler from the Laboratory during this time 
period further delayed publication of the report. 

Through my association with several of the authors of this report, I had learned that it had been 
written, and thus, when I came to the Geophysics Laboratory in June 1989, I began to seek its 
publication in some form. It is my hope that publication of this report will further the use of lidar as 
a probe of the middle atmosphere. 

-.-John Meriwether 
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This program was carried out as a first test of a new instrument, and therefore, not everything worked 
as well as migllb be hoped. 'The most significant problems resulted from power line noise and power 
variations which necessitated major efforts to correct problems in the data (shutter variation and shutter 
sync-lock loss). However, these proble~ns are understood and call be easily solved by electrical isolation in 
the future. During the program, a total of more than 2600 lidar profile returns were obtained and 
17 meteorological rockets were succese~ V;d launched. A valuable set of data has been obtained and 
interesting scientific conclusions have been developed from the results. [t is our hope that this effort will 
have proved 1.0 be an important step in the development of lidar techniques for sounding of the properties of 
the atmosphere. 

Comparisons between the lidar data and the meteorological rocket data show generally good agreement. 
However, the Mar and rocket data from the February period has a significant (12-1476) relative offset. The 
March and April data, including fourteen sets of overlapping data, are generally in good agreement, within 
about 3% (excluding the high altitude portion of the April data). 

The measurement campaign has resulted in the following new poin1.s relative to our understanding of 
the atmospheric properties: 

(1) At each altitude, there is an irregularity, or granularity, to the horizontal density distribution which 
is modulated on aay line-of-sight by the horizontal wind. This is an important perspective in 
understanding the small (few percent) variations in the density which are always present. The small 
variations are present in all known data sets of atmospheric struct:ure with sufficient resolution, but 
the lidar data has provided the first opportunity to actually observe the background granularity of the 
atmosphere. 

(2) Planetary waves are apparent througllout the middle atmosphere in the lidar data. The planetary 
waves may be associated with more than half of the total amplitude of the observed density variation. 
It may become possible, during the high latitude winter season, to follow the planetary waves to 
separate their phase and amplitude relationships. If the phase and amplitude of the planetary waves 
were used, then improved predictions of the middle atmosphere density and temperature could be 
expected (possibly allowiilg predictions of such variations as stratospheric warmings). 

(3) The gravity wave variations in the high latitude winter atmosphere result in conritructive and 
destructive interference of wave components, which can not be easily separated. The winter high 
latitude data which is available seldom exhibits the easily discernable, near monochromatic wave 
structure, which has been found in summer data. The number of sources, the intensity of the sources, 
and the lower atmosphere transmission of gravity waves are larger in the winter than. during the 
summer. The interference of the waves and the extraction of wave energy by turbulence in the lower 
mesosphere prevent the amplitudes of the waves from growing to the intensity which they would if 
monochromatic waves were present. 

(4) These measurements provide a major step toward developing the lidar as a tool for routine 
meteorological and atmospheric measurements in the future. Comparisons of the rocket and balloon 
measurenlents with the lidar lead to the conclusioil that the lidar can provide comparable accuracies to 
the current techniques and at sigiiificantly less expense in manpower and hardware. It is expected that 
the lidar sounder will be developed as an operatioilal tvol to fulfill a major part of the recluirements 
for ineteorolopic~al rocket ineasureitlents by thc inid-90's. 
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L,IISI$R is an acronym, LIght Delectioa-s /S,rnd Ranagiang, sisl~ilar to t heword  'radar', excepl 'hat light 

is used instead o f  radio waves. The B7asic principles are sinsnilar, i s .  w short pulse i':f light is 

iransmit(et1, scatters from aar object and returns to the detector. In z!tmospheric souwdilrg, the lidmi 

pulse is scattered fron111 molecules (Rayleigln or Haaman scattering), from particles of dusk or aerrisols (Mie 

scattering), :From species at specific wavelengths (resonance fluoresce~rccp, or fiiom a tpai;get (path 

integrated attenuation), The range is determined by the delay time between transmit and receivc. A 

very simplified description of ais atmospheric sounsding lidar is given by the eqnaliisra, 

where 9 i~ the detected signal, IF", is the trammitted power, K n3 ;, consicant contaili~~,r,g syseenn 

parameters, n 1s the nau~nber of scatterers and r is the range of 14~ ,  - ~ i i n g  volpsrnc. Hn the lacla. 

equation the range dependence is usually r4, but that IS for a target wis~ckh is smaU cornptit~a l o  ~ k e  

dim~ensions ol the transmitted beam so that t:, ~mmation of the target depends on ao2 and l igh~ 

sca~tterctl from tlre target into the detector is also proportional to r2, In1 a t n ~ o s p h ~ ~ i c  meast~retncnts, the 

target completely fills the beam and onsly the scattered light has a range dependence. The nennebei ok 

Rayleigll~ scatterers is just tlae nlun~ber density of the atmosphere. The parameter K includes such things 

as the optical system efficiency (both transmit and receive), extinctioll of the light by ihz. atknosphesc 

(mostly dust and aerosols in the lower atmospllere), and tlne rno%ecular scaitcrirsg cmss sec t i~a  sf the 

atmospheric ~nolecules (basically a constant up to arorrwd 90 km). 

Several differernt scattering processes are innportant for lidar measurements of the atnlosplners: 

WayBeSgh scattering 

Mie scattering 

Ramaa scattering 

Resonance scattering 

DIAL (DPfferential Absorption Ltdar) 

Rs~yleigh scattering is the scattering of light by nnolecrsles and is famjliar to most people as the 

process tlaat causes the blue color of the sky due to its wavelength dependence. Wayleigh scattering 

theory clescribes the scattering of electroinagnetic radiation hy particles wlmich are small compared to the 



wavelength of the radiation. In atmospheric sounding, the scattering particles are the atoins and 

molecules which make up the atmosphere. The scattering cross section is relatively small and varies as 

I!/ )a4, where )a is the wavelength of the scattered radiation. 

Mie scattering theory describes the scattering of electromagnetic radiation by particles with sizes 

on the order of the wavelength of the radiation or larger. This process is important in the lower 

regions of the atmosphere (from the ground to about 25 km) where dust and aerosols are significant 

components of the atmosphere. The wavelength dependence of this type of scattering is a complex 

function of particle size and wavelength but in general the scattering cross section is significantly larger 

tlhan the Rayleigh cross section and varies approximately as 1/h. 

Ramam scattering is similar to Rayleigh scattering except that whereas Rayleigh scattering is an 

elastic process, Raman scattering is inelastic scattering. This means that a photon, when scattering from 

a.n atom clr molecule, leaves some of its energy behind in the atom or molecule. Since only discrete 

energy levels are available and these depend on the electric dipole fieM of the particular molecule, the 

energy lose; will be characteristic of the particle doing the scattering. The energy loss means that the 

wavelength of the scattered light will be longer (lower energy) than the light from the laser. Thus, by 

selecting a particular wavelength shift with an interference filter, measurements can be made on specific 

component!g of the atmosphere, for example, N2, 0 2 ,  or H20.  The Raman scattering cross section is 

small, about of the Rayleigh cross section. This limits the utility of this process to lower altitudes 

where the signal is sufficient. However, this is just where this sort of measurement is needed, since the 

scattering is relatively insensitive to the presence of dust and aerosols. 

Resonance scattering is another process that depends on specific energy levels in a scattering atom 

or molecule. If the laser can be tuned to a wavelength that represents the exact energy needed to raise 

the target ,atom to an excited state from the ground state through an allowed transition, then the cross 

section for absorption and reradiation of light will be very large. This large cross section makes this 

process suitable for the measurement of minor components of the atmosphere, such as free atomic 

sodium, which occurs in a thin layer between approximately 85 and 105 km altitude. The sodium density 

in this region is on the order of lo4 compared to the ambient atmospheric density of around 1014 

However, the resonance cross section is about 11 orders of magnitude larger than the Rayleigh 

cross section, so measurements of sodium can be performed with moderate laser power. Other workers 

have used this same technique to look at calcium, potassium, lithium and iron. The technique can also 

be used on ions as well as neutrals. 



The DIAL (Differential Absorption Liclar) technique is based ow the detection of the absorption 

difference between two laser wavelengths. One wavelength is tuned to an absorption Eirre of the species 

of interest, the second wavelength is chosen to be in an absorption free region. The wavelengths are 

chosen to be near each other, so that both experience the same broadband attenuation. The 

measurement results in a range resolved profile of species concentration. The technique is applicable to 

water vapor, ozone and other species. A measurement of the ozone concentrations between 15 and 40 krn 

should be routinely available using DIAL techniques. 

We have developed the lidar system for measurements of atmospheric density and temperature 40 

high altitudes. The system was used in this campaign to prove its capabiiity. These and future efforts 

are intended to improve the system by extending the high altitude range of the Bidar and by wing 

additional technology. The field measurements are particularly important to provide correlative data for 

comparison of the measurements. 

'I'he results of this investigatiorm have shown the great value of lidar as a tool that can eventually 

replace the lneteorological rocket techniques f~ '"le and upper atmiosphere density and temperature 

profiles. The comparisons of the simultaneous rocket and lidar measurements generally show good 

agreement. The differences, some due to deficiencies in the lidar instrument and sonne due to previously 

e~nrecognizecl deficiencies in the meteorological rocket techniques, have been studied. 

The investigation has yielded significant understanding regarding the following points: 

(1) small scale structure of the atmosphere includes a granularity in density and temperature, 

which moves in the background wind field, causing variations in the structure profiles when 

measured along a particular path; 

( 2 )  the middle atmosplieric component of planetary scale waves, the higher altitude equivalent of 

tropospheric planetary waves, are associated with the larger variations in density and temperature 

of the high latitude middle atmosphere in winter; 

( 3 )  the constructive interference of several planetary wave components appear to  determine the 

amplitude and occurrence of minor and major stratospheric warmings (leading to possible 

predictability ); 



F f p - ,  i.' . I. LtitEi .,a-. kiai&jie ,&en 
I\, nl@m imu6 ,i,spheie changes sEguificai.,iiy f-,.-. ivIyl 5,xliater in Febrr-..- ~ u r y  to 

safii;chea-.fi;::-. conditi~ns aftep th,;: equincx. 'rile Baagz seazonal changes, ivlnich heen obs;.va:d, foflwlv 

t f~e  general krends which ceia be; found in reference a~~o'rodels of the liigBn latitude region. That is, the 

winter fi~escjs~pl~cre dearsity is about half of the density described by the U.S. Standard Atmosphere and 

the density prlrrfilcs aruund eqainievlg period are in very close agreement to the moldel. 



2. DESCRIPTION OF THE GLINT SO-UPJDEW 

Tlle Ground-based Lidar INvestigation - Transportable (GLINT) sounder is a scaled, mobile version of 

the rooftop laboratory lidar sounder used at AFGL,. Hardware testing was begun in June 1985 and the 

instrument was taken to tlie NASA WalPe~ps facility in September 198.5 for. tests and comparisons with 

standard meteorological techniques. In Phase 1 of the lidar program, the anolecular and particulate 

scattering measurements in the visible and ultra\.iolet were used to determine the density and 

temperature of the atmosphere. This two-color approach allows the recognition of regions ilia which the 

moIecular (Rayleigh) scattering signal is contaminated by particulate ( M e )  scattering due to the presence 

of aerosols or dust. 

The AFGE laboratory facility, referred tu as GLEAM (Groeund-based Lid= Exper,iment for 

Atmoslpheric Measurements), consists s f  transmitter, receiver, data and safety systems. The transmitter 

is a 2 joule per pulse Nd:YAG laser vvilh a doubler (53% nlm) and tripler (355 nm) that outputs 10 wsec 

pulses at a rate of 10 per second. The receiver is a 92 cm Dall-Mirkhan~ telescope that collects the 

back~c~atter~sd light, and a 6-channel detector system with a mechanical shutter, which measures the 

return signal using photon counting techniques. The data system uses a EeCroy 3500 microprocessor to 

accummlate the counts from the detectors during periods of 1ase.r firing and during background 

measurement periods. The EeCroy 3500 is also used to display arid stoire the accumulated signal for later 

processing into scientific results. The safety system consists of a number of internal ~aboratory 

imterlo~cks and an automatic shut-down of the laser beam if the co.-aligned X-band radar detects an 

aircraft near the beam. 

The mobile lidar facility has been prepared as a scaled version of the fixed laboratory facility. The 

initial capability is similar to the Phase I measurements of the laboratory facility, but the overall 

sensiti~~ity is reduced by a factor of between 3 and 5 (,that is, about t:he same sensitivity at one to two 

density scale heights lower altitude). The mobile instrument is not restricted Po vertical measurements. 

That restriction was necessary for the laboratory facility because of its location at Hanscom AFB, in the 

landing pattern for the air field, and in the approach pattern for Logan Airport in Boston. In the 

design of the mobile sounder, care has been taken to minimize difficulties in extending the capabilities 

to Phase II (resonance fl~~orescence) and Phase I11 (Raman) measmements. 

The preparation of the trailer and support electronics for the mo'hile lidar sounder was primarily a 

contractual effort by Tri-con Associates, Inc. Design and development of a detector system for a 32 cm 

telescope carried 'out by their subcontractor, ICE0 Associates. The contractual effort was initiatedl 



Figure I. An Artist Sketch of the GLINT Trailer. The laser beam and primary telescope are co-aligned 
and the beam direction can be pointed at any angle from the horizon to the zenith. The high altitude 
telescope and the safety radar are indicated. 
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Figure 2. Top and Side Views of the Bcluipanent I,;\y-out in the Trailer. 
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in June 1983. The final system-level equiynlent testing of the lidar was begun during June 11985. 

Figure 1 shows a drawing of  the trailer configuration and Figure 2 shows a layout of the hardware 

within the facility. A photograph of the trailer is shown in Figure 3. 'I'he lidar beam can be steered 

from the horizon past the zenith by approxilnately 20". The azimuth of the beam can also be steered 

by approximately 20" by tilting the steering mirror. The lidar consists of two receiver assemblies. A 32 

cm tclescopcz is co-aligned with the laser beam and its pointing direction is steered over the full range 

of elevation and azimuth. A 62 cm diameter telescope is used to measure near the zenith with higher 

sensitivity in a bi-static mode similar to that used in the laboratory sounder. In Table 11, the typical 

accuracy limits expected from the signal to noise are shown. The estimates are based on  the preliminary 

analysis of the data obtained during a test period in December 11985, at Wallops Island, Va. 'The length 

of the filter interval is automatically changed in relation to the signal strength. The length of the 

filter an~d the criteria for changing the interval are described in Section 3.1. 

Table 1. Estimate of Measurement Accuracy Obtained From l/(Signal/Noise). These calculations are 
based on th~e 532 n m  Rayleigh backscatter signal. Note that the altitude resolution is traded off  for 
signal itnprovement at the higher altitudes. The 3000 and 9000 shot columns correspond to data runs of 
5 and 15 minutes, respectively. 

32 cm Telescope 62 cm Telescope 

Altitude 
Channel 
Width 

3000 9000 3000 9000 
Shots Shots Shots Shots 

NOTE: The table values represent the errors expected in the experiment. An error due to tie-on to a 
rawinsonde measurement in the 20 to 30 km altitude region contributes a bias error, estimated to be 
between 2 and 3 percent. The tie-on comparison is necessary to account for the tropospheric 
transmislsion. The lines in the tables indicate the region of co~nparable: accuracy to the meteorological 
rocket techniques. 





.) .. +.,,.. , : , ! b ~ . ~ , j i  .," .-. I:,'; il~lili ea>,r.rgy pl.lses at 1~064 nnn at a pulse rate of 10 HZ. The P6d:YAG laser output 
.Y 

js :i~anc::'.;r~,vc,r,~. by ooniineai. vp~.ics to provide o~atpue at 532 nm (gre~ena) and 355 nm (ultraviolet). The 

1 1 , t . j : : ~ ~  :3 :I. cu!pea;: at $32 n~n. is typically 1100-600 mJ anad at 355 nm the typical output is 
, ! - 5  1 E ; ~ : ~ T L I ~ . c  ,.I SI~PP;S~R e l i t ?  ariangeancnt of the transmit and receive components For the primary 

, , , ' ? ' ? . , ;<. i *;.. , I , . ,  ,,,;;,I ,, expanded in a 5X telescope ellat uses hard coated optics to expand the beam 

f-q~n ,i. ci:rl r -? i~s~~'k i - :~  to h m  diameter. 'The expzansion also reduces  the beam divergence by a factor of 

5 '':'be Base;. ovti~art has a beajln divergence Pu l l  angle of 0.3 mrad. .After the. beam expander, the beam 

clis?~r.ger-.c(: is G.1'4 mr.acB. 'T?ac expanded laser beam is folded onto the optical axis of the primary 

lelesc~capc- a.~":.! alligrbed ~ i e 1 2  the optical zxis to alPoav the scanning mechanism to point the laser beam and 

tG>l c..<,,, --n 
. , .,.~!~,k~...r~p~ f!cBcl t ~ f  viea.1 in t i le  save  direction. 

7'l:c ~~+narx, :  rc,:-,ivin~ - 8el.csc~pc is a 32 can diameter DalP-Kirkbarn design supported sand stabilized 

$51 inmr rod;, 'Pie advantages of the Dall-ICirltham configuration in llidar applications are its lower cost, 

n;>rrQ;y ?c:~ki sf long f(.)r:al l e~gth ,  and simple alignment and focusing. The steering optics for the 

receivei- end trans~~.i~itter cover the elevation range from horizontal BID *2Q0 beyond the zenith using a 

inotna: ccrj.tro2led firm the test cniasoie. The azimuth can be adjusted by an angle *2Q0 using a manually 

adjusted control :<[i.o~.n1te6 on the steering assembly. The transmitted beam is hidden from the sensitive 

detctou- by the mechanical sh~s.oter and the obscuration of the secondary mirror. In addition, the 

trans~mihted keain is reflected froan a separate hard coated mirror at the center of the steering flat, to 

preve:nt n:~dtipIo scatterring and fluoaescencz in the large steering mirror from contaminating the signal. 

The rec~ived signal is focused through a detector assembly that includes a dichroic beam splitter and 

narrow-band interference Filters to separate the green and ultraviolet wavelength returns. The large 

dynamic a-arage for this detector is made possible by a calibrated variable aperture slot on a high speed 

rotating C!!Enkr.. Pig~n.~e .5 sh~~rlis the configuration of the shutter disk and representations of the optical 

inmgs: 86 the plane: of the shuttes wheel, The telescope primary is focused to an image of about 1 cm 

diame.eter on tlre plane of the mechanical shutter. The shutter is therefore acting as a variable neutral 

dcns2i.y filter by vignetting the Uigh* that uniformly illuminates the primary mirror. The mechanical 

approac?~ !aF.ee -to obtain t ? ~  large dgir~amic range needed for the measurements should provide a more 

:s's~.b%c: r rsz r? t  4.hnn eBec%~ic:al swi4:ching techniques. The timiitig of the instrument is tied to the shutter. 

'Tlac slr;:!tlier motor spt:ed i s  36011 rpan (60  rps) and thus the shutter is opened 120 times per second (2 

open SIC::; a : ~  !.oc;?ted in the sl~utter).  The laser fires at a rate of 10 H z  and therefore the program 

::yc!e i:; I:?. sh.~'it.Cer openings. The laser is alnrays firecl on the same shutter opening. One of the shutter 

pei:i.~liis i c  used 1s r7nd out the energy monitor and 10 of the shutter openings are used to obtain data 



'Table 2. Properties of YAG Laser Used in the GLINT Facility 

Manufacturer cQ Address: Quantel Internatiollal 
385 Reed Street 
Santa Clara, CA 95050 

Model Pc Serial Number: Model YG 581C; S/N 110 
Laser Classification: A F  Category D / Class IV 
Description: Nd:YAG w/SHG, THC; pulsed laser 
Laser Output Energy: 

Wavelength Energy Pulse Length 
1064 nm 1.20 J (1.5 J max.) 10 nsec 
532 nm 0.47 J (0.6 J max.) 9 nsec 
355 nm 0.18 J (0.25 J max.) 8 nsec 

(Peak power 150 megawatts) 

Lseer Pulse Length and Rate: T ,  i1 10 nsec; 10 Hz 
Beam Diameter at Laser: 0.95 cm at l /e2 points 
Beam Divergence of Laser: 0.7 mr at l /e2 points 
Beam Diameter after Beam Expander: 5 cm 
Be:am Divergence after Beam Expander: 0.14 mr 

- 1  1 - BEAM RETURN 
I 

. ........ BEAM TRANSMIT .:.:.:., 

32 cm TELESCOPE I I 

- - - - - - - - - . _ _ _ - _ - _ _ _ _ 
- - - - - - - - - -------. _ _  - 1  

SECONDARY 
MIRROR 

-, 3 
PRIMARY-; 
MIRROR : ! 

LASER - 

Figure 4. A Side View of the Optical Layout of the Lidar. The principal components and the 
relationship of the transmit beam path and the collected signal are shown. 
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PROPER IMAGE 
IMAGE WITH ACIDIVIONAL 
LIGHT SCATTING CONE ABOUT 
SECONDARY MIRROR AND GREY 
SCATTERING REGION AROUND 
PRIMARY IMAGE: 

Figure 5. Representation of the Detector Shutter. ( a )  Two slots on the shutter wheel measure the sky 
background intensity during 10 periods of opening between each laser shot. The laser firing is timed in 
relation to the passage of the sn~all timing slot. (11) The images at the plane of the shutter wheel are 
shown; the proper image, and the image resulting from off-axis doltble scattering off the secondary 
mirror ;and from grazing iiacidence scattering in the baffle tuhe. 



on the sky backgrouimd inierrsity. 'Fl~e, higher ~melnnt?er of sky backgro~anal meas~~rements is important in 

ord~er for the hackground correction to bc statistically significant. The photom~altiplier tubes used in the 

detector for both wavclengths are EM1 tubes that have high sensitivity and are cooled to reduce the 

dark count. Photon collnting techniques are used to measure the backscattered photons for altitudes 

above 10 km. In addition to the 32 cm primary re,ceiving telescope, the trailer also houses a 62 cm 

telescope to extend the altitude range for measurements near the zenith and to provide additional 

flexibility for future detectors. The 62 cm telescope was designed in house, fabricated on an AF 

machine shop contract and was completed in November 1985. The ini.t.ial task for this receiver is to 

extend the alltitude range of the Rayleigh measurements and extend the capability for use under day-sky 

background conditions. 

2.3 Data Systrem 

A LeCroy 3500 system provides the high speed data accmulatioi~ for the measurement. The 

mul.tichanne1 scaler used in the LeCroy 3500 has a theoretical capability of 100 MHz count rates. Data 

from the two wavelength channels can be simultaneously stored in 2 psec channels that provide 300 

meter range resolution. The LeCroy system can accumulate and store the data as well as provide quick 

plots of the count rate versus channel number. Figure 6 shows the type of display available from the 

LeCroy for real time evaluation. To process the data in near real time, the data will be transferred into 

a desk coinputer for analysis. The desk computer can access or provide data with a standard modem 

interface. An example of the output screen dump from the quick-look analysis program is shown in 

Figure 7. Software that has been developed includes flexible programs for analysis, comparison and 

display of the results. 

2.4 Safety System 

Wlameroi.~~ safety interlocks and safety precautions are included in the design of the equipment and 

in the operating procedures used. The principal hazard for the lidar outside of the trailer is the eye 

safety hazard of the intense laser beam. The beam is sufficiently intense that looking into the beam or 

looking at a specular reflection or a near field diffuse reflection can cause temporary or permanent 

blindness. The eye safe distance for this lidar is about 35 km. A small radar unit has been included to 

shut the laser beam down when an aircraft enters the field of view within a few degrees of the beam. 

The safety ra~dar used is an AW/APS-42 search radar with collision avoidance warning. The radar is used 

to disable the laser Q-switch automatically if a return pulse is detected. The transmitter uses an 18 

inch diameter antenna dish with a 5.5" angle hetween the half power points. The receiver sensitivity 
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Figure 6. Example of the Real-time Screen Display. The vertical scale shows the log of the photon 
counts accumulated as a function of channel number (horizontal scale). The peak signal occurs near 20 
km as the shutter opens; the full opening occurs near 45 km. 



Figure 7. Example of the display from the Quick-look analysis that was applied in the field. The 
rewlts are shown as (a) u~lsmoothed density calculated for each data channel compared to the USSA76 
model, (b)  smoothed density, and (c) as a ratio to the USSA76 model with the f la error bars (from 
phloton count statistics). 



will allow an autonlatic switch at 15 db, . ; ;pal to noise ratio which conresponds to detection of a 1 a~in 
2 

target a~t 25Kft. The smallest cross section of a typical single engine private plane is approximately 1.5 

na2. For altitudes below about 151Cft (ncar the upper limit for private planes), "Lhe radar shoaald provide 

automatic turnoff with a safety margin of 10 msec for elevation angles from 90" to agproxit-mtely 30". 

During the operations in Alaska, daily contact was maintained with the FAA coordinator in Anchorage 

and AIF: WOTAMS were issued each day of operation. 

2.5 Field :Requirements for Mobile LBdar Operation 

The trailer has manually operated jacks on each corner that are used to raise and lower the body 

of the trailer during preparation for transport. The trailer specifications are summarized in Table 3. 

The wheel section call be removed which allows the unit to be transported in either C-130 or C-141 

aircraft, At the destination airfield the wheels can be attached and the unit trucked to a find 

measurement location. The running gear can be i-nstalled by elevating, the trailer which ahso allows a 

tractor to engage the fifth wheel connection. Once at a location, the: corner jacks again are used to 

elevate the trailer for removal of the running gear undercarriage and to lower the trailer frame onto a 

level p1atfo:i-m. Leveling can be accomplished with blocks and various thickness boards. The total 

weight for the trailer, its undercarriage, and equipment is about 19,OCIO pounds. Figure 3 shows the 

locatioll~ of the cargo tie down rings. Four tie rings are located at floor level and evenly spaced on 

each side of the trailer. Four additional tie rings are located 24 in. aibove the skid (that is, about 12 

in. above tl-~e center of gravity.) These rings were added to provide the. required tie down points for air 

transport. They are located opposite each other and are tied together with internal structure when the 

trailer iis to be transported. The design will allow a 10,000 lb. static pull to be applied to the rings in 

any direction when the internal structure is in place. The locations of these rings (see Figure 3) are at 

the corners and at locations 8 ft. 4 in. and 17 ft. 6 in. from the rear end of the trailer. The trafler 

center of gravity is located approximately 12 in. above the skid, 20 ft. from the rear end and on  the 

centerline between the sides. The power requirement for electrical slewice is 208 volts, three phase, 

100 amps with four conductors. The estimated requirement for all equipment operating and with 

sufficient heating or  air conditioning for most applications is about 55 amps. The connectors wed are 

standard 100 amp, four conductor connectors. A 75-ft. cable is avai%able for connection directly to  a 

fuse box o.r to a suitable connector. The severe weather conditions in Alaska made it naecessany to 

prepare an arctic enntry~vay for the trailer. 



'Table 3. Summary of the Mohile E,idar (GLINT) Tra-iler Specifications. 

Exterior Length 32 ft. (410 in, anax.) 
Width 8 fh. (100.5 in. max.) 
Height 99.5 in, i iOl.5 i n  max.) 

Interior Length 331 ft. 2 in. 
Width 7 f t .  4 in. 
Height 7 fa. 4 in. 

Wear Door 7 ft .  0 in. X 3 Pt. 5 in. 
Side Door 6 ft. 6 in. X 3 ft. 5 in. 

Exterior Wall 0.050 in. Thick Aluminum 

Insuhstion 1-3/23 in. of Polyurethane foam (R-Value 10) 

Tie Ebown Rings: 4 on each side welded to skids 
4 OH% each side at height of 2 ft. 

Total 16 rings, each rated for 10,000 lb 

Weight Trailer 4300 16 
Running Gear 2000 lb 
Equipment 13000 lb 
Total 19300 Ib 

Electirical Power 3 Phase 
208 V 
100 A (Estimate 55 A for normal  operation^) 
4 Conductor 



fxn AFGL effort was started in 1979 to develop a liclar sounder for remote sensing sf the 

atrE~ospheric prroperties. This effort included the developanent of a ?ransportabBe lidar to provide 

in8o;nsation oa atrfiospheric structaare and var,iability at various locations iar support of test programs and 

sciewtifiar: Eiejid progran~s. The test in Alaska was carried out to pro.vide additional data on the high 

latitude denr3iiy variabiiity. Shuttle flights had enconntered significant perturbations in the aerodynamic 

forces in the altitude region Retween 60 and 90 km. The concern to be addressed was the larger 

variability in-i the atnarospheric density at the higher latitudes that woultB be enco~awtered duriag descent 

from polar orbit. The comparison with the current metecrological rot:ket and balloon techa~iques was 

included as ail irnportmt part of such a test because of the need to compare and validate each of the 

techniques. Measureraents obtained over the extended period are expected to provide information ow the 

following topics: 

(1) D;,ta can be used for testing the current high latitude akaorlels of density and temperature 

between 20 and 80 km. The large data L rnrirld be used to add variability infornmtion (upper and 

Powel- deciles, or other statistical information) to skve models. 

(2)  Measurements over an extended winter period are likely to provide some additional ififormation 

on minor stratospheric warmings which cause rather significant perturbations of the structure 

parameters. 

( 3 )  Correlation of the structure of the density waves with the waves and shears observed in the 

wind fiekd by t'he MST radar is important to developing and testing the ideas relating to growth 

and dissipation of atmospheric waves. 

(4) The measurements would provide the first opportunity to study the sources of the wave 

generation and separate the contributions of the propagating waves, standing waves, and other 

irregularities in the atmospheric structure. 

( 5 )  A test of tale limitations of various techniques could be made from the comparisons. The valid 

range and accuracy of each techruique can be addressed. 

The major objective of the experi~netlt was to obtain a substantial number of profiles of the 

atmospheric structure parameters, which can be used to provide statistical envelopes of the variations 



caused by waves and irregularities. The profiles are used to test models of the atmosphere and to study 

the aeronomy questions associated with the high latitude atnnosphene. The winter season is usually 

considered to have the largest variations in the stratosphere and lower mesosphere. The measurements 

were obtained during a period when strong planetary wave activity and intense winter storms should 

result in enhanced gravity wave activity in the lower mesosphere. 



4. DES(CRIPTI0N OF TEIE METEOROLO(:ICAL MEASUREMENTS 

The standard meteorological techniques currently used in the United States include the rawinsonde 

balloon for measurements between the surface and 30 km, the datasonde rocket for measurements 

between 20 and 65 km, and the passive sphere for altitudes between 30 and 90 km. 

The rawinsonde balloons are normally released at 00002 and 12002 from the NOAA weather site at 

the Fairbanks Airport. The typical measurement times for the lidar were between 0400 and 15002. On 

the nights when the lidar measurements were being made, an additional rawinsonde balloon was released 

between 0600 and 08002. For each date that measureinents were obtained, the rawinsonde preceding the 

lneasuremeilt period and the two rawinsondes released during the measurement period were compared and 

used to provide a calibration reference for the lidar data set obtained during that time. In most cases, 

data are available in the altitude region between 25 and 35 km that can be used to calibrate the lidar 

data. Figure 8 shows an example plot of the :tree rawinsonde profiles on one night. The data were 

compared for each night of observation to select the tie-on region. The upper two kilometers of the 

balloon data were generally used to provide the reference for the lidar data and effectively remove the 

trailsmission variatioil of the lower atmosphere. The two assumptions that are necessary but can lead to 

errors in taking this approach are: 

(1) the atmospheric variations in a thick layer of the atmosphere are stable to within a couple of 

percent for periods of a few hours in the altitude region near 30 km; and 

(2) the backscatter intensity from the tie-on region is purely due to Rayleigh scatter. 

Aslsumption (1) is apparently valid from an examination of the rawinsonde data that was collected. 

Assumpiion (2) has been tested on each data-taking night by comparing the signal intensities and profile 

shapes of the visible and ultraviolet returns. The cross section difference for Rayleigh and Mie 

scattering at the two wavelengths provides a sensitive indicator of the presence of aerosols. Generally, 

the aerosol contributions are not detected above 28 km. A comparison of the visible and ultraviolet 

profiles is shown in the data analysis section of this report (see Section 5.1). 

The errors expected in the meteorological data are summarized in Table 4. The density error in 

the lidar profile resulting from the combination of ratvinsonde accuracy and the tie-on procedures is 



e:stimated to be less than 3 percent in all cases. On specific nights, the measurements can be used to 

argue that the stability of the atmosphere and the performance of the instrumeilt woluld support 

conclusions of an accuracy approaching 2 percent. The statistical ;accuracy based upon the photon 

counting rneasurements adds to the error at higher altitudes. One additional source of error in the 

rawinsonde: data is the fact that pressure heights only were used in the analysis since no radar track 

was available. 

Ten datasonde payloads were launched on Super-Loki motors to provide measurements in the 20 to 

65 km region during the lidar operations. Nine profiles were obtained. The Dart payload expels a 

metallized mylar parachute near an apogee of 75-80 km. The payload consists of a miniature bead 

thermistor, small telemetry transmitter, and parachute. Figures 9a through 9d show the payload 

configuration, parachute, and bead thermistor arrangement respectively. Radar tracking of the parachute 

can be used to determine the horizontal wind velocity. The bead thermistor signal which is transmitted 

to ground provides a temperature measurement from about 65 km (nighttime) down to the vicinity of 20 

km. By using a measured pressure at lower altitudes from a rawinsonde profile, the density and pressure 

cisn be de:rived from the bead thermistor temperature under the assumption of hydrostatic equilibrium. 

The errors expected in this measurement are shown in Table 4. 

4.3 Pasdve Sphere 

Ten passive sphere payloads were launched on Super Loki motors and useful results were obtained 

in eight cases. The passive sphere payload provides a technique that can measure the horizontal wind 

velocity an.d density from radar tracking data. The payload consists of a 1 meter diameter metallized 

mylar sphe.re that is ejected from a Dart near apogee (95 km) and immediately inflates to a spherical 

radar target, Figure 10 shows the passive sphere payload configuration. The radar track of the 

hlorizontal motion provides a measure of the horizontal wind field and the vertical acceleration provides 

a measure of the atmospheric density. The temperature can be obtained by integrating the density 

profile under the assumption of hydrostatic equilibrium. The accuracy of the passive sphere results 

depends strongly upon the accuracy of the tracking radar. The errors associated with the passive sphere 

results are shown in Table 4. The errors in this table are based upon the standard analysis filters 

alpplied to typical range radar results. In this particular case, the radar used is not typical and the 

n~oise in th~e radar data appears to be larger than ilvrmally expected. A heavier smoothing of the radar 



data would probably be justified in this case, The actual error in the passive sphere results is probably 

slightly larger than indicrlled in tlie tablc. 

4.4 Other Supporting Measurements 

Di.iring the measurement periods in February and March, the MST Radar located at Poker Flat 

Alaska was run contiiluously by the University of Alaska. It is expected that some periods of 

overlaplping data will be found. Most of the winter period does not produce useful data because of the 

low radar signal strength when the sun is shadowed from producing electrons in the D-Region. The 

opportunities for data collection are during pcriods of particle precipitation into the mesosphere as 

indicated by the increase in riometer absorption. The MST data base is being examined by scientists at 

the Ui~iversity of Alaska to find periods for a comparison study. 

Also, during the campaign period, scientists from IJtah State IJniversity obtained data on the 

atmospl~eric temperature in the 85 km altitude region from measurements of the O H  vibrational rotational 

band of the infrared emission at 1.5 p. A comparison study of O H  temperature data on wave activity 

with the lidar results is planned. 

@,8 0 .9  1, U 1.1 1 , 2  
R a t i o  

Figure 8. Example of the Rawinsonde Data Gathered on Each Day of the Measurement Period. The 
three profiles were obtained at 0000, 0600 and 1200 7, on each day. The 0600 balloon was usually chosen 
for the: lidar profile tie-on at an altitude between 28 and 32 km. The results show the actual measured 
points for the altitudes above 18 kin from ascents on 14 February 1986 from the Fairbanks N O M  
station. 



'Fable 4. Measurement accuracy of atrnosphcric density for the standard meteorological techniques 
(Source A - Range Commanders Council Document 110-81 "Meteorological Data Error Estimates" ei 
Source B - AFGL,-TR-78-0195 "Atmospheric Properties From Measurements at Kwajalein Atoll on 5 April 
1978"). 

Rawinsonde Datasonde Sphere 
Altitude A B A B A B 

-- (krn) (%) (76) - (%) (%) ( % ) I  (70) 

' T i g h t  time value (radiation cunrections cause large errors in the day measurements) 



Figure 9. L)atasc>nde Payload. (a )  Super-1,oki launch vehicle; ( b )  Di;ltasonde separation from launch 
vehicle at apogee. 
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Figure 9. Datasonde Payload. (c) Parachute of metallized mylar that is tracked for a wind profile; 
(d) Bead thermistor that measures the ambient temperature. 
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Super-Lokl Sphere 

D a r t  Hardwbre 
Sphere System 
Cvr~p le te  h r t  

Figure 10. Payload and Launch Vehicle for the Passive Sphere. At apogee the 1 meter metallized mylar 
sphere is ejected and inflated. The data are the horizontal velocity and the vertical acceleration from 
the radar track, which are used to determine the wind velocity and the atmospheric density profiles. 



5. MEASUREMENT RESULTS 

Measurements were taken on all clear evenings between 14 February and 9 March, when the laser 

power supply failed. The repairs and tests were completed between 10 March and 22 March. The 

operations were halted between 25 March and 15 April since the range resources were committed to 

other programs for that period. The nights of 27 and 28 April provided an opportunity for a 

concentrated set of measurements together with meteorological rocket l~iunches. Table 5 summarizes the 

information on the number of lidas profiles which were obtained on each night. Table 6 summarizes the 

m~eteorological rocket launchings which were carried out during the campaign. 

The LeCroy 3508 multichannel scaler is used to collect the return photon count signal in range bins 

set for 2 psec intervals. The data system can accumulate the data in two counters simultaneously 

(,however the actual timing relationship between the channels of the two scalers is offset by 1 psec). A 

listing of an individual data run is shown in Table 7. Clhannel 0 provides the count of the number of 

measurement triggers (laser shots) included in the data set. However, the channel 0 also accumulates a 

signal from the sky background light as do the next channels. Thus it seldom reads the value of exactly 

3,000 shots that were accumulated in most of the data runs. Channels :L though 414 provide information 

on the sky background count rate. Channel 415 shows a large count rate due to the laser firing, 

principally noise pickup from the Pockels cell. The beginning of the: shutter opening is observed to 

start near channel 468. The shutter was fully open by channel 565 and the maximum count rate is 

observed near channel 480 because of the combined effect of the exponentially decreasing atmospheric 

density and the rapidly opening shutter. Channels beyond 800 are used to store the frequency that is 

generated from a photodiode signal in the energy monitor and provides a relative measure of the laser 

output energy. 

One channel of the LeCroy system was always used for the output of the green detector on the 

32: cm telescope. The second channel could be used to make measurelments either from the ultraviolet 

ch.anne1 of the 32 cm telescope or the green detector on the 62 cm telescope. The general measurement 

philosophy was to obtain three or four sets of ultraviolet profiles on each night and use the 

multi-channel scaler for the green channel on the 62 cm telescope for most of the nighttime measuring 

period. 

Sky background from starlight, moonlight and other scattered light sources produce a limiting signal 

in the detector. The counts accumulated in data channels 1-399 (see Table 7)  provide a measure of this 

background signal. This is used in the analysis to correct thc results. 



Table 5 .  Summary of Hdtlar Measurement Periods 

DATE(Z1 START END GREEN LT17 l-IICjPI ALT COMMENTS 

14 FEJB 
15 FEB 
16 FEB 
17 FEB 
18 FEB 
19 FEB 
21 FEB 
22 FEE3 
23 FEB 
24 FEB 
26 FEB 
27 FER 

2 MAR 
3 MAR 
6 1  MAR 
.5 MAR 
6 MAR 
'7 MAR 
8 MAR 
9 MAR 

23 MAR 
24 MAR 
16 ABK 
24 ABR 
26 APR 
27 APR 
28 APK 

Deltasonde & Sphere 
Sphere 
Sphere 
Sphere 

Overcast at 10002 

Overcast at 06302 
Hazy/Full Moon 
Clouds 

Laser Failed 
Laser Repaired 

Clc~uds 
Clouds 
2 Datasondes/S Spheres 
4 Clatasondes 

': Profiles of 1000 laser shots rather than 3000 shots 

(1) Total 2666 profiles (estimate 9 million laser firings) 

(2) Launched a total of 20 met rockets together with lidar measurements (17 flights were successful) 

(3) Rawinsonde balloon releases were made by the NOAA site at Fairbanks 

(4) MST radar measurements collected by the University of Alaska during all lidar measurement 
periods until 22 April 

( 5 )  Mesospheric OH temperature measurements were obtained by Utah State University during the 
Lidar measurement periods of February and March 



Table 6. Sumsnary of the Meteorological Rocket Launches at Poker Flat Rocket 
Range Alaska During February - April 1986 

LID 14FEB ( Z )  Datasonde #1 Wallops #DMl-13991 
06OClZ Sonde 26536 

Good TM and radar data 

L,2S 1 4 F E B ( Z j  Sphere #1 Wallops #DM-1409 
08OGiZ Sphere 4518 152.8g 

Good data track, collapse 32 km, apogee 88 km, no upleg track 

L3S 15 FEB ( Z  j Sphere #2 Wallops #DM-1410 
06002 Sphere 4566 151.7g 

Good data track, collapse 33 km, apogee 90 km, no upleg track 

L4S 16 FEB (Z) Sphere #3 
06092 Sphere 3996 

No track 

Wallops #DMl-1411 
159.3g 

L5S 17 F:EB (Z) Sphere #4 Wallops #DMl-1412 
06002 Sphere 2420 162.9g 

Upleg track, flight to left, no data, booster found near Chatanika Lodge 

(,Moved launch tube to the rail on pad 1) 

L6D 5 MAR (Z) Datasonde #2 Wallops #DMl-1400 
12002 Sonde 26537 

No radar track, TM track shows its flight path was toward right, Sonde 
separated from starute, no data 

(Dise~ssembled datasondes and added 50 lb test fishing line to the shroud line --- shim and firmly mount 
launch rail on pad 1) 

L'7D 16MAR (Z)  Datasonde #3 Wallops #DMl-1401 
1220:Z Sonde26539 

Good radar and TM date, upleg radar track 

L8S 8 MAR (Z)  Sphere #5 Wallops #DMl-1413 
12002 Sphere 4567 153.lg 

Good track, collapse < 35 km, good upleg radar track 

L9S 9 MAR (Z) Sphere #6 Wallops #DMl-1414 
0600:Z Sphere 3971 158.2g 

Good track, collapse 32 km, good uyleg radar track 

L'LOD 27 APR (Z) Datasonde #4(1) Wallops #DM1- 1403 
0730Z Sonde26538 

Good radar and TM data 



Table 6. (continued) Summary of the Meteoroiogicai Rocket Launches at Poker Flat Rocket 
Range Alaska During February - April 1986 

Ll lS  27 APR ( Z )  
08110Z 

Sphere #7(1) 
Sphere 3993 
Good radar data 

Wallops #DMl-1415 
159.4 g 

Sphere #8(2) 
Sphere 4509 
Good radar data 

Wallops #DM1-14:L6 
153.7g 

L13S 27 .APR (Z)  
09302 

Sphere #9(3) 
Sphere 2421 
Good radar data 

Wallops #DMl-1417 
163.lg 

L14S 27 APR (Z)  
10102 

Sphere # lO(4) 
Sphere 2416 
Good radar data 

Wallops #DM1-1418 
162.4g 

Ll5S 27 APR (Z) 
10502 

Sphere # 1 l(5) 
Sphere 2417 
Good radar data 

Wallops #DMl-14119 
161.8g 

L16D 27 APR (Z) 
11352 

Datasonde #5(2) 
Sonde 26540 
Good TM and radar data 

Wallops #DM1-1402 

L17D 28 APR (Z)  
07302 

Datasonde #6(3) 
Sonde 26596 
Good TM and radar data 

Wallops #DM1-1404 

L18D 28 APR (Z) 
08402 

Datasonde #7(4) 
Sonde 26597 
Good TM and radar data 

Wallops #DM1- 1405 

L19D 28 APR (Z) 
09502 

Datasonde #8(5) 
Sonde 26541 
Good TM and radar data 

Wallops #DM1- 1406 

L20D 28 APR ( Z) 
11 122 

Datasonde #9(6) 
Sonde 26543 
Good TM and radar data 

Wallops #DM1- 1407 



Table 7. Data File List Froin a Typical Run, G6021407. 

Counts Per Bin 

9 Begin 
0 Sky 
4 Background 
5 Measurement 
10 
4 
2 
5 
:5 
6 
!5 
7 
6 
5 
4 
6 
5 
3 

6 
6 
2: 



'I'ahle 7. Data File List From a Typical K;lr-i, (46023 404 (contintlied.) 

Counts Per Bin 

:L 
2 
6 
5' 
6 
4 
2 
4 
3 
G 
6 
9 
5 
6 
2 
13 
10 
1 '0 
9 
10 
8 
5 
9 
10 
8 
7 
5 
3 End 
5 Sky 
10 Background 
6 Measurement 
6 

-- 

0 Begin 
0 Lidar 
0 Profile 
101 --Laser Fire 
30 
1 68 
14 
5 
14 



5 

E. 

- 9 
'JJYOL L 

Z 
L 
8 

IT 
LT 

'JJY 09 LI 
£2 
82 
EP 
9P 
99 
P6 

my OS ZEI 
PS T 
181 
SSZ 
OPE 
08P 

TZZE 
'JJY OE OEZP 

8EES 
ZTOL 
S9T6 

86911 
8ESEI 

-- 91SPT 
WY OZ EPOST 

0 
0 
T 
0 
T 
T 
E 
T 
Z 
P 
Z 
Z 
L 
6 
8 

Z T 
P 

T I 
0 1 
9 T 
£2 
LT 
LZ 
PP 
6P 
$8 
96 

SET 
811 
861 
612 
EEP 
9LS 
TLL 

8201 
Z9ET 
TZLT 
L6TZ 
L88Z 
LS9E 
LPLP 
906s 
6691 
2196 

IS611 
SEOPI 
19891 
88291 

T 
0 
0 
T 
I 
0 
T 
T 
T 
Z 
T 
S 
9 
P 
S 
6 
6 
6 

ST 
PT 
EE 
OP 
96 
I P 
19 
08 

£2 T 
EET 
ZLT 
532 
862 
ZPP 
L6S 
PO8 

LEO1 
S6ET 
6E8T 
T ZZZ 
ETTE 
9T8E 
8EOS 
0019 
P908 
ES86 

8ETZT 
SOPPT 
6L8PT 
02091 

0 
0 
0 
0 
E 
I 
0 
T 
Z 
Z 
Z 
E 
5 
E 
L 
8 
L 

ZT 
E T 
8 T 
ZZ 
EZ 
TE 
SS 
a9 
96 

901 
SST 
£61 
SPZ 
262 
OSP 
229 
608 

OPT T 
PPST 
ZS6T 
T 6PZ 
SLTE 
8009 
T9ZS 
L S99 
9998 

96POT 
98061 
Z6LPI 
SZLPT 
8SLSI 

ETL 
011 
SOL 
001 
S:69 
069 
5'89 
089 
S'L9 
OL9 
S99 
099 
SS9 
OlS9 
SP9 
OP9 
SE9 
01E9 
SZ9 
0129 
ST9 
0119 
SO9 
009 
S6S 
06s 
S8S 
08s 
SLS 
01s 
S9S 
09s 
SSS 
OSS 
SPS 
OPS 
SES 
OES 
SZS 
02s 
STS 
OT S 
SQS 
OlDS 
S16P 
O16P 
SlSP 
O'BP 

---- 

lauwn 



'Table 7. Data File List From a 'Typicall Run, C+6021407 (continued.) 

Channel -- 

720 
725 
7.30 
735 
740 
745 
750 
755 
760 
765 
770 
775 
780 
785 
790 
795 
800 
805 
8 10 
815 
820 
825 
830 
835 
840 
845 
850 
855 
860 
865 
870 
875 
880 
885 
890 
895 
900 
905 
9 10 
915 
920 
925 
930 
935 
940 
945 
950 
955 

Counts Per Bin __ 

0 
0 
0 
0 
1 
0 3100 k~ 
1 
0 
0 
0 
0 
0 End 
0 Eidar 
1 Profile 
0 Measurement 
o-- - 
E 135 3egin 
82i3 Energy 
1236 Monitor 
1192 Measurement 
1181 
1164 
1 172 
1199 
1212 
1209 
1149 
1125 
1136 
1156 
1176 
1195 
1210 
1198 
1207 
1235 
1197 
1175 
1159 
1153 
1154 
1158 
1137 
1146 
1163 
1155 
1178 
1194 



Table 7. Data File List From a Typical Run, G6024 407 (continued.) 

Channel - Counts Per Bin1 



6. DATA ANALYSIS APPROACH 

The primary data from the lidar consists of photon counts measured by the photomultiplier tubes, 

which are accumulated into channels of the multichannel scaler ant1 later transferred to floppy discs 

for storage at the end of a data run. The data was collected as 2 psec channel widths, representing 

300 m range bins. Two data inputs were simultaneously measu~red, usually the 532 nm return 

measured by the detectors on the 32 cm telescope and 62 cm telescope. The input from the 62 cm 

telescope was changed to measure the ultraviolet signal (355 nm) for several data runs (typically 3 
to 5 )  on each night. The data accumulated in the multichannel scalers for a fixed time period (usually 

3,000 laser shots or 5 minutes) was transferred to an 8-inch floppy disc at the end of each data run. 

The LeCroy 3500 system uses a version of CPM for an operating system. Because of limitations in 

the hardware and software, a rather cumbersome procedure of transferring the data from a 

compressed format on SSDD 8 inch floppy discs to a permanent storage record as ASCII files on 5.25 

inch floppy disks was necessary. The transfer procedure took almost as much time as the original 

data runs. Therefore, a semi-automatic procedure was devised to allow transfer of the data files 

during crew rest periods. The difficulties in handling the data have been addressed so that we will 

be able to store and use the data in near real time for the next measurement period. 

Data files in ASCII format which contain the information on the backscatter photons, the laser 

energy monitor, and the sky background count rate provide tlhe data input for the analysis 

procedures. The analysis is carried out using a program written in BASIC which has evolved through 

more than twenty-five versions and updates since the beginning 06 its development in July 1985, 

Development of the analysis program in the BASIC programming language proved to be a great 

advantage in the processes of the interactive development of the analysis program. Several 

individuals contributed to the development of the analysis program, which evolved significantly 

during the field program. The current program used to analyze this data set has evolved from the 

program developed during the field measurement program. The major point which has been added 

is the capability for editing the data, processing multiple data files, and significantly improved 

displays with plots. The programs have also been transferred into the more powerful Pascal language. 

In addition, examination of the data revealed that there were problems involving the drift of the 

synchronous motors that rotated the shutter wheels in the detecitors of both the 32 and 62 cm 

telescopes. Additional analysis procedures have been developed to account for these errors created 

by the shutter. It should be noted that these problems appear to be resolvable in this data set and can 

be avoided in the future by using a crystal controlled power source for the motor and by providing 

improved EM1 suppression. 



6.1. Outline of Data Reduction 

The general outline for the analysis is as follows: 

A. Load the following files with the analysis program: 

a. ASCII data files - the data base; 

b. GPAW.BAS - A parameter file for processing the 532 nm return of the 32 crn telescope; 

c. HPAR.BAS - A parameter file for the 532 nm data of the high altitude (62 cm) telescope; 

d. SUMG - An ASCII list of the data files where the run time and date are added to the file 
from the data log; 

e. Shutter file - A listing of the shutter function, which is derived from the white light 
calibration curves and smoothed using a mathematical function derived from the shutter 
geometry; 

f. USSA7690 - A data file which provides the density profile of the US Standard Atmosphere 
at the altitude intervals of the lidar range bins, 

g. Calibration file - The calibration file for each night was based upon the NOAA Rawinsonde 
measurement for each night that the lidar was 0perate.d; 

h. DATA98 - An effective shutter file for the high altitude detector (this file will be modified 
to provide a correction for the shutter drift when that analysis is complete). 

B. Run a program called FILTNEW to create a run file, RUNXXXX, which eliminates data runs with 
obvious errors. Here XXXX represents the data date. 

C. Run a program called EDITDATA to generate an edited file, EDITXXXX. 

D. Run a program called RAWSHIT to calculate the shutter drift error in the 32 cm telescope detector 
and record the shift correction as SHITXXXX. 

E. Run a program called SHIITADD to create an additional column to the run file, RUNXXXX. 

F. Run the main data analysis program, D320, to generate densit:y data files ".DEN for all data files 
contained in the data file list RUNXXXX. 

G. Run COMBOH2 to produce a file with combined raw data which has been accumulated into 
one-hour periods for each GMT hour. 

H. Run RAWSHIT to create a file SHRHXXX which calculates the shutter bias for the one-hour 
period. 

I. Run a program called SHIFTADD to generate a run file RUNHXXXX which contains a column 
for the shift of the shutter for the one-hour data. 

J. Run the main data analysis program, D320, to create density data files GH*.DEN and HH*.DEN 
which are mean profiles for each one-hour period. 



K. Riun a program called COMBOF2 Po create a run file for the full night, RUldFXXXX. 

L. Riun a program called RAWSHFT to create a file, SHFTFXXX, which is the shift for the 
32: cm telescope shutter for analysis of the full night data. 

M. Riun a program called SHIFTADD to add the shift for 42 cm telescope detector to 
RUNFXXXX. 

N. Riun the analysis program, D320F, to create the full night mean density profiles GF*.DEN 
and HF*.DEN. 

The procedure results in a data set that includes profiles for each individual data run as well as 

profiles for each hour in which the lidar was operated and a summary mean profile for the night. 

The main elements of the data analysis program are summarized in Table 8. The labels used to 

identify 1:he data run and results files are shown in Table 9. A typical data file output from the 

analysis program is given in Table 10. The full night summary data plots are in Appendix @. 



Table 8. Outline of the Data AnaPysis Program 

Program D320.BAS 

Mobile Lidar Density Reduction 

Lidar site altitude in km 

Calibration altitude range in &im 

Output Density in kg/rn3 

Moldel Density in cm-" 

S 1 
S2 
S3 
S4 
ITIIMEO 
ISHFT 
ZM ,TM,DM 
DM[X 
ZC.,CDENS 
DCX 
SIGMA 
TEIMP 

Top Thumbwheel Switch Setting (Max Range) 
Second Switch Setting (Min Range) 
Third Switch Setting (Laser Fire Timing) 
Bottom Switch Setting (Flash Lamp Fiire Timing) 
# Channels from Start of Data Block to Laser Firing 
# Channels from Start s f  Data Block to Start of Useful Data 
Model Altitude, Tempe~ataaae, Density 
Model Density Shifted to Correspond to Data 
Calibration Model Altitude, Density 
Calibration Model Density Shifted 
SQRT(Gounts+ l ) 
Smoothed Density from Raised Cosine Routine 

Preliminaries 

Setup and Dimension all Arrays 
Input Constants, r, Gas Constant, Altitude of Trailer, Size sf  Altitude Bins 
Hnput Length of Smoothing Intervals to use 

Pa~ram~eter Input 

Input from Cpar and Hpar Files 
Check Flags in run File (Flags were set by the Filter Program to Remove Bad Data Files) 

Data 1:nput 

Separate the Data in the File into Profile Counts, Sky Background Counts, and Energy Monitor 
Counts 



Table 8. Outline of the Data Analysis Program (continued) 

Calculations 

Range for each Data Bin 

Altitude Corresponding to each Data Bin 

Sky Background Intensity 

Signal to Noise Ratio 

Shift Shutter 

Shift Data to Correspond to Selected Starting Point 

Shutter, Background, 1/R and Deadtime Corrections 

Normalize Lidar Data to Comparison..Density Array 

S~nooth Profile 

Store Final Profile on Disk with Header Data 

Plot Data and Model 

Subroutines 

Smoothing Routine Determine the Smoothing Interval to Apply as Signal Level Changes with 
Altitude 

Raised Cosine Smoothing (Hanning filter) 

File Reading Subroutine 

Density Plot Subroutine 

Edit Single Data Points Outside of 4 Sigma 

Screen Dump Routine 

Subroutine Makecal (Makes a Calibration File from a Green Data File for Normalization of 
High Altitude (H) File) 

Plotting Routines 



'Tat)le 0. Example o f  the File L,ahel Approach ('hosen to Identifj~ the Data Run and Results Files. 

(Blank) = Raw Data File 
Den = Density Profile 

Run  umber* 

Day (GMT) --- 

Month -- .. - 

- 6 = Year 1986 
H = Hour Mean (Run = Hour) 
F - Full Night Mean 

G = Cireen - 32 CM T e l e s c o ~ _  - - -- 

U - UV Data 32 CM Telescope 
H = Green - 62 CM Telescope 
W = Sky Light Calibration 

*' [IF the ;Run :Number Exceeds 80 then Add 30 to the Date 



' I 'r~l)lc 10. L,isl of a Typical Density File Output From the Data Arialysis Program. 

C;6021446.DEN 860214 1001 11TC' Version 3.20 (86 NOV 24) 
Shutter File S6021301.FIT Model File USSA7690.DAT Filter Level 2 
C'alibrzjtion File R021490.DAT Calibration Altitudes 30 km to 32 krn 
Site Alltitude 0.393 km Elevation Angle 90.0 Deadtime 25.0 nsec 
Background 0.28 Energy 1080.3 

Altitude Raw Filtered Ratio To 
$6 km Density Density Model Sigma 

Temp 
K 

S/N 
Ratio 



Table 10. List of a Typical Density File Output From the Data Analysis Program (continued.) 

Altitude 
km 

26.925 
27.225 
27.525 
27.824 
28.124 

28.424 
28.724 
29.023 
29.323 
29.623 

29.923 
30.223 
30.522 
30.822 
31.122 

31.422 
31.722 
32.021 
32.321 
32.621 

32.921 
33.221 
33.520 
33.820 
34.120 

34.420 
34.720 
35.019 
35.319 
35.619 

35.919 
36.219 
36.5 18 
36.818 
37.118 

37.418 
37.718 
38.017 
38.3 17 
38.617 

Raw 
Density 

Filtered 
Density 

Ratio To 
R4odel 

Temp 
'JF I< 

SIN 
Ratio Sigma I 



I'able 10. 1,ist of n Typical Ilensity File Output From the Dais Analysis Program (continued.) 

Altitude 
krn 

38.917 
39.21 7 
39.516 
39.816 
40.2 16 

40.416 
40.716 
41.015 
41.315 
41.615 

41.915 
42.215 
42.5 14 
42.814 
43.114 

43.414 
43.71 4 
44.013 
44.3 13 
44.613 

44.913 
45.213 
45.512 
45.812 
46.112 

46.412 
46.711 
4TO1 4 
47.31 1 
4'7.611 

47.91 1 
48.210 
48.510 
48.810 
49.1 10 

49.410 
49.709 
50.009 
50.309 
50.609 

Maw 
Density 

Filtered 
Density 

Ratio To 
A/Iotlel 

0.704671 
0.698303 
61.690021 
0.685209 
0.678333 

0.691 386 
0.664Y.?h 
0.659893 
0.65721 f 
0.656405 

0.655959 
0.654690 
0.652005 
0.648375 
0.445427 

0.646712 
0.645044 
0.643768 
0.642761 
0.641587 

O.639949 
0.636807 
0.632785 
0.628295 
0.623945 

0.620457 
0.418425 
0.617446 
0.616590 
0.613412 

0.608777 
0.604209 
0.598721 
0.592379 
0.585149 

0.5790S1, 
0.568576 
0.559UClO 
0.55 1591 
0.543863 

Sigma 

0.016685 
0.0171'74 
0.01 7686 
0.01 5'796 
0.01 6300 

0.0% 6839 
0.01 7409 
0.01 7995 
0.018571 
0.019116 

0.019654 
0.020218 
0.020834 
0.021500 
0.022193 

0.018591 
0.0191di5 
0.019705 
0.020272 
0.020850 

0.021453 
0.02205'1 
0.022774 
0.023496 
0.024234 

0.024984 
0.025721 
0.024432 
0.027142 
0.027884 

0.028680 
0.025549 
0.026304 
0.0271 08 
0.027961 

0.028565 
0.1129820 
0.030810 
0.03 1S26 
0.03286 7 

Temp 
K 

-999.9 
-999.9 
-999.9 
-999.9 
-999.9 

-999.5" 
-999.9 
-999.9 
-999.9 
-999.9 

-999.9 
-999.9 
-999.9 
-999.9 
-999.9 

-999.9 
-999.9 
-999.9 
-999.9 
-999.9 

-999.9 
-999.9 
-999.9 
-999.9 
-999.9 

-999.9 
-999.9 
-999.9 
-999.9 
-999.9 

-999.9 
-999.9 
-999.9 
-999.9 
-999.9 

-999.9 
-999.9 
-999.9 
-999.9 
-999.9 

S /N 
Ratio 
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Table 10. List of a Typical Density File Output From the Data Alialysis Program (continued.) 

Altitude 
km 

Raw 
Density 

Filtered 
Deilsity 

Ratio To 
Model 

Temp 
I< 

S/N 
Ratio Sigma 



6.12 Detector Shutter Function 

The approach taken of using a mechanical shutter to act as a variable neutral density filter has 

taken a1 significant effort to implement properly. The problems are believed to be resolved and are 

not expected to affect the results in the future. The initial difficulty was due to additional light 

scatterimg that caused the primary image to be different than would be expected from the geometry 

of the :arrangement. The problem was that the secondary mirror was slightly larger in diameter than 

was needed to transfer the light from the primary to the focus of lhe telescope, which allowed off 

axis light to be gathered in an annular ring around the primary image (see Figure 5). In addition, 

the baffle tube was shorter than needed and was not completely effective in rernovinng grazing 

inc:iden~ce scattering. Figure 5 indicates the arrangement of the telescope, shutter and the image at 

the shutter plane. The problems with the slightly larger secondary and the grazing incidence 

scalttering would not normally affect a night-time viewing telescope, in fact astronomical telescopes 

should intentionally be sized in this way. However, because day sky white light calibrations of the 

shutter opening are needed to develop a functional representation of the shutter opening, any 

additional light scattering is critical. When these problems were noted, they were corrected by 

introducing a small mask around the secondary mirror that effectively reduces the secondary 

dialmeter by about 3 mm. This mask eliminates an annular path for off-axis double reflection 

t h ~ o u g h  the optical system. A mechanical stop was used to eliminate grazing incidence scattering. 

When these changes were made, the image of the primary mirror at the plane of the shutter wheel 

chiingeld to the conditions for the proper image shown in Figure 5. The bright ring around the image 

was eliminated. The representation of the image shows the primary mirror shadowed b:y both the 

secondary mirror and the spider that supports the secondary. When these changes were made, the 

white light calibration curves are reasonably represented by the mathematical function describing 

the: geometry. 

Figure 11 shows the shape of the shutter function obtained froin a sky-background calibration. 

Since the larger dynamic range for the detector is obtained by accepting a fraction of the image of 

the pri:mary mirror (the effect is of a variable neutral density filter), the signal removed by the 

shutter function must be accurately measured in order to reconstruct the low altitude portion of the 

' profile. The "white light calibration" curve is obtained by opening the telescope to the day-sky 

background with a neutral density filter inserted in the detector path. The opening function of the 

shutter is then determined to a high statistical accuracy. As shown in Figure 11, the shutter is seen 

to !start opening near channel 455, which corresponds to an altitude of about 12 km. The shutter is 

fully open by channel 565, which corresponds to an altitude of about 45 km. Examination of the 

region around channel 500 reveals the change in slope of the curve as the shadow of the secondary 



mirror is passed. The shutter timing and careful handling of the relationship to the data become 

critical at the lower altitudes. 

6.2.1 SHrUTTER DRIFT ON 32 cm TELESCOPE 

Because the time relationship between the laser firing and the opening of the shutter wheel is 

critical to within fractions of a microsecond, the shutter arrangement was designed carefully. 

However, the data were found to exhibit rather large (a few microseconds) variations in the timing 

for the shutter wheel over a period of several hours. Three factors have been found to have 

contribute'd to some degree to this problem. First, the power system grid for central Alaska 

experiences significant voltage and frequency drifts during the winter nights. Second, the capacitor 

originally supplied with the shutter motor was not the correct value and caused the motor to overheat. 

The capacitor was replaced in March. Third, The motor shaft bearings were worn and rough. The 

shaft bearings were also replaced in mid-March. After the motor repairs, the late March and April 

data do not show the large variations in the shutter drift. The first problem, the stability of the local 

power grid, was also less significant during the late March and April data periods. In future 

experiments, the problem with the power variations can be eliminated by using a crystal controlled 

power regulator for the shutter motor. 

The drift of the shutter position was corrected and we have reasonable confidence in the final 

results. The procedure included a careful examination of the white light shutter functions that were 

obt:ained. The conclusion of that study was that the geometrical model for the shutter function 

provides a reasonable fit to the data obtained. Figure 5 shows that the slot opening crosst:s the field 

of view of the primary mirror image. A small variation due to the secondary mirror obscuration is 

apparent in the shape of the shutter function. Figure 12 shows the geometrical function compared 

to the data from the white light calibration curve of 3 March 1986. The extreme steepiness of the 

shutter opening curve, shown in Figure 11, leads to a very large sensitivity of the low altitude data 

to errors in the timing of the shutter opening of even a small fraction of the 2 msec channel width. 

Thus in the "EDIT" program used to prepare the data for analysis, the ratio between the data channel 

at L6 km and that at 45 km provides a sensitive measure of any shift in the shutter opening position. 

The ratio of the count rate at 16 km to that at 45 km measured for each of the data runs on 14 

Felbruary 1986 is shown in Figure 13. From this ratio, the magnitude of the shutter d.rift can be 

accurately determined. In Figure 13, a large shift can be seen at run 47. The effect of the drift of 

the shutter wheel from +2 channels to -1  channel is demonstrated in Figure 14. As expected, the 

major change is observed at the lower altitudes. The magnitude of the shift determined from the 

signal ratio at 16 and 45 km is recorded and incorporated into the "RUN" file used by the final data 
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Figure 11.  Plot of the Data Obtained During a White Light CalibratioTof the 
Shutter. 'The opening begins near 12 km (channel #455) and is fully open by 
45 knn (channel #565). 

Figure 12. Comparison of the Smooth Model Calculation, Based on the Geometrical Shape, and the 
Data Measured During White Light Calibration on 3 March 1986. Here the vertical scale is linear 
aLs oplposed to the log scale of Figure 11. The slope change near midway in the curve is caused by 
the secondary mirror obscuration. 
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Figure 13. Ratio of the Count Rate at 16 i , to That at 46 km During the Night of 14 February 
1986. 
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Fi,gure 14. Change in the Density Profile as a Function of Offset of +2 to - 1  Channel Widths. 



processing program. In this way the shutter corrections due to changes in the timing position have 

been automatically corrected in the analysis program. 

Figure 12 shows a comparison of the geometrical shutter calibration curve compared to the data 

from the white-light calibration for a typical measurement. The shutter begins to open at an altitude 

corresponding to about 12-13 km and is fully open by 45 km. By removing a significant portion of 

the lolw altitude signal, the shutter prevents the photomultiplier tubes From being overloaded by the 

high count rates. The altitude profile is fully reconverted by dividing the measured count rate by 

tlhe normalized shutter function. A small hole in the shutter wheel that acts as an initial timing pulse 

is sensed by a LED detector. The laser Pockels cell switch is fired 316 channels after the LED 

trigger is detected. The timing is set up to have the laser flash lamps fire a sufficient time before 

the Q-switch (Pockels cell) pulse. All of the critical timing is referenced to the time when the LED 

trigger is initiated by the shutter wheel. The time period between the 16 km altitude shutter 

opening point and the trigger pulse is approximately 766 psec (316 + 67 channels of 2 psec each). 

Since the rate of change of the signal allowed by the shutter wheel is extremely high at the beginning 

of the shutter wheel opening, it is possible to make a very sensitive measurement of any drift in the 

relative position of the shutter opening relative to the laser firing. To develop a correction for the 

vlariation in the shutter opening time, the ratio of the signal in the data channel near 16 km was 

compared to the signal in data channels between 43 and 55 km. The test can show variations in the 

shutter opening drift to the level of 0.1 msec. Since we are only applying the correction and using 

results for altitudes above about 20 km, the correction procedure appears to be quite sufficient. 

6.2.2 SHUTTER DRIFT ON THE 62 cm TELESCOPE 

An additional problem was found in the high altitude shutter function. Because the high 

altitude shutter is phase locked to the Bow altitude shutter, a loss of sync between the motors caused 

b:y noise or a voltage transient can require several tens of seconds to fully dampen and lock the 

signals. The circuit that was being used during the February and March windows to provide the sync 

lock of the shutter on the 62 cm telescope detector was not satisfactorily responsive. The circuit was 

changled and improved in April to maintain better sync. Also, the line noise and transient problems 

that caused sync loss were much less prevalent during April. Even though large effects are observed 

during the seeking phase of a large wander in the high altitude shutter position, it appears that 

reasonable corrections can be made to the results. The high altitude shutter was intended to cut off 

the high intensity of the low altitude laser pulse so that measurements above 45 km would not suffer 

from overload and saturation effects on the photomultiplier tube. The effect of the syimc lock loss 

was found to cause significant corrections extending as much as k150 psec (245 km) or essentially 

encompassing the full measurement range. Figure 15(a) shows a representation of the high altitude 



shutter clurvfe for normal operation and examples of the family of curves that can B ) C C ~ P  when 

synchronization is lost. Figure 15(b) demonstrates an explanation of the shutter drift. In curve QB), 

the rate of change in the transmission is represented by the change in area as the shutter moves past 

the image of the primary. The slope change, which is most pronounced just before the midway open 

position (a), is due to the obscuration of the secondary mirror. The transmission as a function of 
time is shown in curve (2), which is just the integral effect of curve (1). Curve (39 indicates the 

sijznal variation that results from the transmission curve combined with the exponential decrease sf 

the atmosphere. Curve (4) represents the normal distribution of the drift of the sync position as the 

drive circuit seeks to relock the system. Curve (5) shows the expected signal as the sync (drift affects 

the measurement (see Figure 15(a)). It appears that a correction algorithm can be applied to most 

of' the affected data to account for this problem. This algorithm is presently being developed. Some 

of' the profiles will probably not be usable when the sync drifts beyond some limit. The reason is 

that when the drift is sufficient to open the shutter at very low altitude, say below 10 km, the 

intense signal will produce a nonlinear effect in the photomultiplier, poor background recovery and 

after-pulsing in the signal. These cases will probably need to be diseapaanted. 

Analysis of the results shows that variation of the shutter opening position of more than 2100 

psec occurred several times during the .;@bruary and March windows. In the future, a 

crystal-controlled frequency and voltage generator will be used to power the shutter motor and thus 

eliminate the time drift errors encountered in this data set. The April data, during a relatively warm 

period when power line variations were minimal, did not show any significant shutter position drift. 

6.2.3 IIESCRIPTIBN O F  THE DATA EDIT AND SMOOTHING APPROACH 

The data consist of accumulated photon counts. Usually, in such a system there are atmospheric 

regions that produce such a weak return that smoothing is required to reduce statistical fluctuations 

in the data. Several different smoothing procedures were investigated to determine the best 

procedure to be used for the data reduction program. Some set of criteria is weeded to compare the 

different prlocedures with each other and on an absolute basis. The procedure used for this analysis 

~ r ~ u s t  be simple, accurate, and well defined. In Appendix A, the various approaches are described. 
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Figure 15. Transmission Changes in the H Detector When the Shutter :Loses Sync. 



The first try at a smoothing procedure Nas a simple slidiizg average. This procedure was 

considrered margivnally acceptable, as it met the above criteria in a general way. However, the 

srrioothed data were still fairly noisy. The noise was mostly high frequency noise generated at  the 

edges of the rectangular smoothing window. 

The next procedure used was also a sliding average except that a Hanming window was used for 

smoothing instead of the rectangular window. This smoothing procedure has a good high fnequency 

cutoff and does not add any ringing to the data. While investigating this procedure tkrsug;hliterature 

searches, a similar filter using the Blackman window was found. This filter is basically an extension 

of' the Hanning filter extended to higher frequencies and results in a stronger attenuation s f  the high 

frequency components of the data. A study of the filters usually applied to various datz sets was 

made (see Appendix A). 

From the study in Appendix A,  the Hanning filter (commonly referred to as the raised cosine 

filter) was chosen as the best filter for the ainalysis of the lidar data. The sliding average filter was 

re:jectred on the basis of insufficient high frequency rejection. The Blackman filter performed well, 

biut not really noticeably better than the Warming filter. The adlded terms in the window definition 

make the increase in complexity not worth the effort. The FFT-based filters all have some 

disadvantage such as ringing or complexity of application. The exponential cutoff FFT filter could 

ble made not to ring but the filter was more connplex and more difficult to apply. 

The results were obtained using 2 psec range bins, which correspond to 300 meter altitude steps 

in the data. The smoothing interval of the filter must be changed as a function of altitude. The 

magnitude of the counts in the range bin was selected as the criteria for changing the smoothing 

interval. The selection of the thresholds for making the changes was somewhat subjective. The 

length of the smoothing interval and the threshold have been considered together to allow a 

reasonable tradeoff between the statistical accuracy of the data and the altitude resolutisrr. The 

criteria for the altitude resolution was based on the recognition that the minimum vertical wavelength 

f~or a propagating wave is about 1 km near 60 km and about 3 km near 90 kmin. However, this data 

s~et has shown that the larger contributions to the structure variations are not due to the propagating 

waves (in summer, the monochromatic propagating waves may be the most important :factor). The 

i:nforirnation in Table 11 states the thresholds used in the data analysis. 



Table 11. Threshold counts for changing the smoothing interval used in the 
Hanning filter. The effective filter length is given. 

# counts 
smooth 
index 
n --- 
0 
1 
2 
3 
5 
7 
9 

actual 
# channels 
2 n + 1  .* - 

1 
3 
5 
7 
11 
15 
19 

effective 
# channels 
n i l  - 

1 
2 
3 
4 
6 
8 
10 

filter 
length 

Ikm) . .  
1.3 
1.6 
1.9 
1.2 
1.8 
2.4 
3.0 

The large transients in power and the static electricity in the cold dry environment led to rather 

large, but infrequent, noise spikes in the data. These have been examined in a few cases to develop a 

routine method of processing the results. At times the magnitude of the transient was large and the 

recovery time was long, many consecutive range bins. In other cases, only a single range bin was 

affected. When the transient involved only a single range bin, the data in that bin were modified to a 

mean value of the data in the adjacent bins, with the criteria that the single bin had exceeded the 

running mean by more than 4 ~ .  Few points were changed by this procedure and when it was applied, 

the bin exceeded the 4 0  criteria by a large factor. 

The value of the sky background, from the 10 shutter files of sky background between each laser 

firing, a~nd the mean values of the channels between the altitudes 90-100 and 100-110 km we:re plotted 

for each run during each night. By examining these plots it is possible to identify most of the files of 

concern for the large noise transients. Figures 16 and 17 show an example of the change i~n the sky 

background that resulted from a noise transient. The background was measured ten times for each laser 

firing on the G files and five times for the H files to provide an accurate measure of the sky 

background. The other measurements between 90-100 km and 100-11.0 km are used to test whether the 

data was lik'ely to have been affected by a noise pulse. The results shown in Figures 16 and 17 were 

obtained on 27 April. 'The short night contlitions are obvious 21s the sky background signal decreases at 

sunset aund begins to increase again 3 hours later. A running tnean curve is shown through the data 

~)oints and an upper curve shows the relative value or the t ~ 4 0  statistical uncertainty. The data files 

which cxceerl Ihis t 4s value have been rejeclecl Froru routine data processing. 



'I'llc errors which result from the statistical uncertainty in the signal counts for example profiles on 

13 1;et)ruary 1986 are shown in Figure 18. l'his is typical of the data on which the errors described in 

Table 12 are based. The jagged steps in the error plots are duc to the discrete steps in the changes of 

filter interval along the profile (Table 11 describes the thresholds for the changes in smoothing interval). 
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Figure :16. Example of the Haclyround C'urves for (t E;iles from PJiphl of 27 April 1986. 
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Figure 17. Example o l  the Background Curves for H Filcs from Night of 27 April 1986. 
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7. SUlMMARY OF RESULTS 

The data obtained during operating pcriocls d~.~ring February and March 1986 co~lsisted of a sequence of 

3.000 shot ( 5  min) data runs. 'l'he $ min data periods wcrc choscn to be short relative to the minimum 

cxpected period of propagntecl waves, that is the resonance period of about 7 to 10 min. Because of the 

results of quick look analysis nf the Fchruary and March results, the data period for accumulation was 

reducecl to 3,000 shots, or 100 sec, for the April measurenlents. It is possible to co-add the data runs over 

longer periods to improve the signal to noise. The short data runs are not useful for altitudes above 60 km 

because of the low statistical accuracy. The short runs do, however, show the importance of interpretation 

of the background irregularities of the atmosphere. The granularity in the density structure, amounting to a 

few percent with scale sizes of a few kilometers, contribute to the shorter period variations observed in the 

data. The lidar path is a thin pencil probe through which the irregularity of the background neutral 

atmosphere moves in the horizontal wind field. 

7.1 Ultl-aviollet Measurement Results 

Om each evening that lidar data was obtained, a scries of 3-5 profiles were obtained using the 

ultraviolet wave length at 355 nm. The ultraviolet signal to noise is significantly poorer than the signal for 

the gre,en wave length. We suspect that one of the optical coatings in the transmit or receive section of 

the lidar is not reflecting or transmitting the expected fraction of the ultraviolet light. Because of the poor 

signal to noise ratio, and the fact that only two measurements can be made simultaneously with the data 

system, the ultraviolet return is not routinely monitored. 

Figure 19 shows the profiles measured by the green and ultraviolet detectors on the 32 cm telescope 

during periods of siinultaneous operation. Figure 20 shows the smoothed ratio of the green (G) to the 

ultraviolet (U) profiles of the cases corresponding to those in Figure 29. The important point to note is 

that for altitudes above 30 km the profiles are in complete agreement (until the noise contributions of the 

UV profile becomes significant near 60 km). At altitudes below 30 km, the signal from the green detector is 

significantly higher than that for the ultraviolet detector. The ultraviolet detector is relatively more 

sensitive to the molecular scattering and relatively less sensitive to the particulate scattering. 'This is due to 

the molecular scattering cross section which has a very steep depelldence on wave length, 1 1 ~ ~ .  



Figure :20 slaows the ratio of the C; to the TJ signal as a function of altitude. The large increase in 

relative sig;nal in the green detector at the lo~ver altitudes is due to the scattering by volcanic dust in the 

altitude region between 15 and 25 km. An examination of the data will slaow a significant variability from 

day to day, and even during a night, in the intensity of the signal from the layers. During the lime period 

of these tests in Alaska, the St. Augustine volcano off the coast of Alaska erupted several times and ejected 

dust into 1a:yers observed most prominently between 19 aaad 22 k~n.  

By use of the two colors, green and ultraviolet, it is possible to resolve the question of what altitude 

regimes can be: properly analyzed as regions sf pure Rayleigh scatter from which density and temperature 

can be directly determined. The signal from the ultraviolet detector was not sufficient to resolve the 

question of the h4ie scattering in the 75-80 km altitude region in the April res~alts. In a subsequent test, 

the ultraviolet signal could he integrated for a s~afficiently long period to resolve this q~aestion. 

7.2. Exarnplles of the Results 

As e~ramples of the lidar data obtained during the campaign in Alaska, the resu-lts in Figure 21 show 

the extremes off the profiles measured. The profile from February represents the winter case of mesospheric 

densities as low as half of the mean values represented by the TJSSA76. By April, the density is approaching 

the summer case of densities 50 percent greater than the mean. Note that the region between 18 and 25 km 

exhibits intense changing layers. This signal is due to the aerosols and ,volcanic dust scattering the laser 

beam. The scattering cross section for dust is larger than molecular scattering. Significant changes in the 

character of this region could easily be correlated to the volcanic activity during the period. 

Figure 22 shows examples of profiles measured in on 4 March 1986 and on 14 February 1986. The 

profiles are density ratio to the USSA76 model. The size of the f 10-  error bar is shown on the data with a 

spacing that in'dicates the length of the smoothing interval. The 4 March case exhibits rather strong wave 

activity, which was observed frequently in March. The February data includes profiles of both the G and 

high altitude (I-I) detectors. The H profile shutter opening is supposed to be: complete by 45 km and the two 

profiles should overlap from that point. The shutter sync loss reduces the signal at lower altitudes and some 

signal is lost, particularly near 40 to 50 km. In Figure 22(b), the H signal appears to be reduced by about 3 

percent near 45 km and the difference decreases with height. If the H signal were 3 percent higher at 

45 km, 2 percent higher at 50 km, and decreased to no bias near 65 km, then the results of the two example 

profiles would overlap very well. Section 6.2 discusses the shutter drift errors. 



These examples show the large change that occurs in the high latitude density due to seasonal effects, 

that is, dynamical processes and radiation balance. The typical mid-winter values of density in the 

inesopause are about half of the equinox values (which are near the mean model) and the summer values are 

40 percent greater than the equinox values. One of the striking effects in the data is the large scattering 

layer that has developed during the time that measurements have been made here. The examples show the 

strong effecls of the volcanic dust at altitudes between 15 and 25 km. 

7.3. Liclar Performance Compared to Expected Results 

Comparison of the calculations of Table 1 with the results of Table 12 shows that the overall performance and 

accuracy of the lids was approximately as expected. The decrease in the sensitivity of the 62 cm detector between 

February and April is due to a decrease in the collected counts. The change in sensitivity is due to il change in the 

a1ignme:nt of the 62 cm telescope axis which caused the effective collecting area of the telescope to be reduced 

significantly. The ratio of the signal in the H files to the corresponding G files should be approximately the factor of five 

which was observed in February. The errors associated with the G and H files for a data run are shovm in Figure 18. 

The small juirnps which occur in the graphs are the result of the discrete changes in the smoothing interval. 

One crther factor caused a reduction in the sensitivity of the H detector during several periods. The 

transmission of signal photons through the detector was reduced by a deposit from the outgassing of the 

material used to thermally insulate the housing of the thermally stabilized narrow band pass filter. The top 

window to the thermoelectrically cooled photomultiplier housing was coated by the deposit on several 

occasio~ns. Cleaning of this element became a routine part of the operating procedure. A, material with 

lower outgassing properties will be substituted in the detector for future measurements. The major effects 

froin the outgassing were found to occur during the initial warm-up of the filter housing (temperature cycle 

oversho~ot) and the problems were greatly reduced by leaving the temperature stabilizing circuit powered. 

During the test period in Alaska, the performance of the instrument was carefully monitored during the 

data ruins. Several parameters were continuously observed and recorded to evaluate the performance, as 

carefully as possible, during real time operations. Numerous factors were found to affect the performance of 

the equi:pmeint during the program. Some of those factors included: 

(,I) Power line transients and variations in the voltage and frequency of the power affected the 

pe:rformance of the system. This problem influenced the detector shutters as described in Section 4.2. 
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19. Comparison of the Visible and Ultraviolet Lidar Profiles ( a )  14 February 1986 (b) 15 February 
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Figure 20. Ratio of the Visible to Ultraviolet Profiles ( a )  14 February 1986 (b )  15 February 1986. 
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F i g ~ r c  22. Eltarrlples of 1)ensity Protiles Measured by the T.idar on 4 March and 14 February 1986. 



Table 12. The Accuracy of the Lidar Based Upon Actual Performance (Count Rate of Typical Data Runs). 
These numbers represent only the statistical error; the tie-on error for the rawinsonde of 2 to 3 percent 
must also be included. These values are based on the actual results and thus include the time for data 
transfer and storage, which make the errors larger than they would be if data was actually accumulated for 
a I-hr peri~od. 

February Data 
Altitude 1000 

(km) (km) % 
20 0.3 1.2 
30 0.9 1.8 
40 1.5 2.4 
50 2.7 4.5 
60 3.0 10.3 
70 
80 

Februa~ry Data 
Altitlide 1000 

(km) (km) % 
40 1.2 1.4 
50 1.8 2.0 
GO 2.4 4.0 
70 
80 

April Data 
Altitude 

( km) 
20 
30 
40 
50 
60 
70 
80 

32 cm Telescope 
3000 9000 

(km) % (;km) % 
0.3 0.8 0.3 0.5 
0.6 0.9 0.3 0.9 
1.2 1.6 1.2 1.0 
2.4 3.0 1.8 2.5 
3.0 7.3 2.4 4.4 
3.0 14.6 3.0 8.9 

hour 
(km! % 
0.3 0.3 
0.3 0.6 
0.6 1.0 
1.2 1.9 
2.4 3.4 
3.0 6.3 
3.0 19.5 

62 cm Telescope 
3000 9000 hour 

(krn') % (krnl) % (km) % 
0.6 1.1 0.6 0.9 0.6 0.8 
1.2 - 1.7 1.2 1.5 0.9 1.4 
2.4 2.8 2.4 2.5 1.8 2.4 
3.0 5.1 3.0 4.5 3.0 4.0 
3.0 9.6 3.0 8.7 3.0 8.3 

32 cm Telescope 
1000 3000 9000 

(krn) % (km) % (km) % 
0.6 1.5 0.3 1.0 0.3 0.6 
0.9 1.8 0.6 1.2 0.3 1.0 
1.8 2.4 1.2 1.8 0.6 1.5 
3.0 4.5 1.8 2.9 1.2 2.3 
3.0 10.4 3.0 7.5 2.4 4.8 

3.0 15 3.0 9.7 

April Data 
Altitude 1000 

(km) (km) % 
40 1.2 1.9 
50 2.4 3.1 
60 3.0 6.0 
70 3.0 13 
80 

hour 
(km) % 
0.3 0.4 
0.3 0.7 
0.6 1.0 
0.6 1.9 
1.8 3.7 
2.4 8.1 
2.4 20.1 

62 cm Telescope 
3000 9000 hour 

(km) % (km) % (km) % 
0.9 1.4 0.6 1.2 0.6 0.8 
1.8 2.5 1.8 2.0 0.9 1.7 
2.4 3.8 1.8 3.1 0.9 2.4 
3.0 7 3.0 5.7 2.4 4.0 

3.0 14 3.0 9.4 



(311 a ft:w occasions this equipnient IVZ:; il;r~,ed oEE as the voltage orn the 150 lislt Pine dropped as Po?w 

as 85 volts. 

( 2 )  Static discharge caused the con~puter systenn to he reset. On numerous occasioas, the ieset caused by 

static discharge froin operating personnd caused the corgqiaptuter to be reset, so iha: it was necessary to 

re-l-loot and re-initialize the data taking system. 

( 3 )  P a g e  temperature gradients through the label- Ream porthole in the optical table caused a shianiaering 

or danclng of tlne beam when outside tensperatt~res were in the range below -30". 'The shimrlzering of 

tlie beam %as oiiPy a problem on a few of the evenings and a sol~ttioni was found in inserting a 

cardboard tube extension into the optical bench porthole, which seesred to provide a laminar flow 

con~rlitioii that stabilizecl the beam direction in the region of strong ihernaal cora~rectioru between the 

inside rouin temperature and the outside ambient temperature. 

(4)  Blowiiig snow on the ridge of the mountain caused snow stornl~s in the lower hundred feet of the 

atmosphere at times. It was foun~d that a large fan blowing across the beam steering ~ilirrsr could ksep 

the snow from coating the surface, thereby, degrading the performance of the instrument significantly. 

The overall transmission of the atmosphere was not reduced significantly by the light blowing snow. 

( 5 )  Tlne sign~al collected by the lidar was at times degraded by the alignment of the laser beana to a region 

near the center of the field of view of the receiving telescope. The field of view of the receiving 

telescope is described later in this section. Since tlie primary detector system is esser~tially 

moil~ostarically aligned (laser team leaves from a point on tlie optical axis of the telescope) between the 

laser beam and the telescope axis, any channge in sensitivity resulting from a izon-centered laser beam 

should only result in reduced sensitivity for the profile and not result in height dependent effects until 

the sens:itivity is significantly degraded. Colzcern for this problem prompted many careful realignments 

of the beam, as manly as two or three times during a night when any sensitivity channge was noticed. 

During the later data periods in March and April, the sensitivity drifts were not apparent. This factor 

leads to a conclusion that at least part of the problems observed during February and early March were 

due to meclnanical changes caused by thernlal contraction during tlme periods of extreme temperatures 

(the alignment between the laser axis, the laser being at room temperature, and the tele;scwpe optical 

axis, the telescope and beam steering optics being at alxnbient lemperal~~re, is seiasitive tts chaaiges in 

the 1100 prad range). 



( 6 )  Overall equipment performance was considered to be good or excellent considering the intensity of the 

use of the equipment during the period. The major problem encountered was the failure of the laser 

power supply which resulted from a defect in a high current/high voltage connector which gradually 

deteriorated until its failure destroyed numerous componeilts in the laser power system. One section of 

the power system was returned to the inan~~facturcr fur repair and the other damaged components were 

repaired in thc field by the operating personnel. 'I'wo failures were noted in the safety radar during 

operation. One resulted in replacement of tubes in this older tube-type radar system. The second 

resulted in replacement of a large capacitor in the 400 Hz power system which provides the operating 

power flor the radar. Other minor failures of equipment included a noisy pulse-height amplifier in the 

detector system, a f 15 volt power supply, and several component replacements. 

The alignment of the laser beam with the optical axis of the telescope is critical for operation of the 

lidar. It is important to have a small field of view for the telescope to minimize the amount of background 

starlight, which would limit the overall sensitivity. Based upon our laboratory experience and review of 

information on beam wander, we choose to make the telescope field of view about 5 times the size expected 

for the laser beam divergence. The beam divergence of the laser with the beam expander has been found to 

be in good agreement with the design goal. The beam expander was tested using a 2 mile horizontal path at 

the NASA Wallops Island Center in December 1985. Thc overall beam divergence was found to be in the 

range 0.13 to 0.16 mrad. The telescope field of view can he adjusted by a micrometer drive, which can set 

the iris at any diameter from slightly less than 3 mm to about 1 cm. The setting chosen for the normal 

operation is 0.5 cm, which corresponds to a field of view of -1 mrad (the telescope, with a diameter of 

32 cm and an effective performance figure of approximately f/15, has a focal length of 4.8 meters which 

would result in a field stop diameter of 4.8 mm for a 1 mrad field of view. Figure 23 shows the signal 

intensity measured, at the altitude of 40 km, as the laser beam is stepped through the center of the 

telescope field for the tvvo orthogonal axes. The edges of the ficld of view of the telescope and the edges 

of the laser beam combine to give the intensity curves shown. These curves are in good agreement with the 

expected results. The mechanical lever arm used in the beam steering mount causes a 12.5 p a d  change in 

the angle of the mount plate for each micron of stepper motor adjustment. Since this adjusts a mirror 

surface, the angular change is magnified by a factor of 2. Thus, each micron of adjustment causes an 

angular change in the heam direction of 25 p a d .  The scale for the angular change is shown in Figure 23. 




























































































































