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ABSTRACT 

This work describes the design, implementation, and calibration 

of NOAA's coherent, pulsed, Doppler lidar. This lidar was used to 

acquire 252 high qual~ty, independent measurements of atmospheric 

backscattering profiles from 4 to 30 km altitude over Boulder, Colo

rado, at a wavelength of 10.6 micrometers between Nay 1981 and Nay 

1983, a period that includes the injection and removal of debris from 

the El Chichon eruptions. Statistical analyses of the data set by 

computer show that atmospheric backscatter is approximately lognormally 

distributed for all but the lowest altitudes, and a theoretical expla

nation is offered for this property. Seasonally-averaged profiles and 

altitudinally-stacked, filtered time sequences show the volcanic cloud 

appearing in the stratosphere and falling through the tropopause into 

the troposphere at rates far higher than can be explained by gravita

tional settling alone. The dynamic process of tropopause folding is 

proposed as the dominant mechanism for the observed exchange of volca

nic debris from the stratosphere to the troposphere. This hypothesis 

is supported by case studies of mid-tropospheric backscatter-enhancing 

events. Nie calculations and comparisons with other measurements show 

that vertically-integrated backscatter is a good long-term measure of 

total atmospheric mass loading of volcanic debris. It is found that 

the time constant which characterizes debris removal is 208 days for 

the stratosphere and 60 days for the troposphere. No appreciahle 

xi 



xii 

debris is removed before the volcanic cloud falls to 6 km altitude 420 

days after the volcanic eruptions. 



CHAPTER 1 

INTRODUCTION 

Although many measurements of naturally occurring aerosols 

have heen made over the past 30 years, very little is known about their 

infrared backscattering properties or about their variability with 

altitude, space or time, on a global scale. This is partially due to 

lack of proper instrumentation and insufficient sampling in space and 

time, and partially due to large inaccuracies (on the order of 500% 

according to Deepak et al., 1983) when one calculates an optical pro

perty such as backscattering from measured size distributions and 

assumed refractive indices. 

Until recently, most particle samplers have ignored or physi

cally mishandled particles greater than 2 ~m in diameter, thus under

estimating backscattering at wavelengths near 10 ~m, which is heavily 

weighted by particles in this size range (Post, 1978). Even with per

fect particle size distributions, large errors are introduced by the 

use of Hie theory (Hie, 1908), which assumes homogeneous spherical 

scatterers. Very few aerosols are spherical or homogeneous, and errors 

introduced by making these assumptions are on the order of 200-400%. 

Thus errors hetween calculated and measured backscattering as large as 

one order of magnitude are possible, and only broad estimates of 

1 



geographic and temporal properties can be deduced from reported size 

distribution measurements. 

2 

The ideal method for understanding backscattering is to measure 

backscatter directly at the wavelength of interest. This is what is 

done in this dissertation, thus avoiding all the pitfalls of using Mie 

theory. A sensitive, stable, well-calibrated CO2 coherent pulsed 

lidar, which was designed in part, built, and operated by the can

didate, is used to collect a statistically significant set of atmo

spheric backscattering profile data at A = 10.6 ~m over a three year 

period in Boulder, CO. This set is analyzed in a new way to offer 

insight into the or~gins of tropospheric aerosols that backscatter in 

the infrared. The results promise to extend our knowledge of these 

processes heyond the Boulder region to a global scale, and to increase 

our knowledge of stratospheric-tropospheric exchange. 

While such insights are worthwhile in their own right, there 

are immediate practical needs for understanding global infrared 

backscattering and its variability in space and time. The proposed 

WINDSAT system (Huffaker, 1978) for measuring atmospheric wind profiles 

on a global scale from space promises to increase numerical weather 

forecasting accuracy dramatically (Halem, 1983), to a much greater 

degree than would accurate global temperature and pressure measure

ments. The accuracy of sensing winds from space with such a system, 

which uses the Doppler-shifted backscatter from wind-borne aerosols, is 

directly related to their backscatter coefficient B. The mean value of 

B and its variability in space and time are chief factors in sizing and 
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pricing the satellite system. Thus it is clear that understanding the 

origins and variability of S profiles globally is an immediate prac

tical concern as well as a desirable scientific goal. 



CHAPTER 2 

SYSTEM DESIGN 

The NOAA lidar system, as first envisioned in 1978, was to be a 

highly engineered 1 Joule per pulse, 1 kHz pulse repetition frequency 

(PRF) device. United Technologies Research Center (UTRC) won the deve

lopment contract and began their investigations of basic concepts with 

a breadhoard laboratory system, using available hardware from older 

projects. A crude 0.1 J/pulse, 10 Hz system was demonstrated to NOAA 

in 1980. Due to lack of funds, NOAA terminated the original contract 

and purchased the demonstration hardware from UTRC in July of 1980. 

Figure 1 shows the UTRC layout of optical components. 

The candidate was responsible for optically redesigning the 

system, ruggedizing it, installing it in a semi-trailer, and calibrat

ing it. The result was a reliable and operationally useful instrument 

which permitted the acquisition of the long-term data set used herein. 

The following sections describe a few of the major design features and 

improvements which have contributed to the success of this lidar 

system. 

Syst~ Layout 

The semi-trailer acquired from NASA's Marshall Space Flight 

Center is 8 feet wide and 32 feet long, complete with air conditioner, 

4 



UTRC Optical Layout 
(Top View) 
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Fig. 1. UTRC optical layout. This was the breadoard design demonstrated to NOAA at the UTRC_. 
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electrical distribution system, and some lighting. The lighting and 

electrical distribution system were changed considerably to acco~modate 

the new layout, distribute the electrical loads evenly between the 

three phases of 208 V 100 amp service, and to provide for lightning 

protection, emergency shut-offs and battery back-up lighting. An 

electrical baseboard heating system, an intrusion alarm system, and 

telephone circuits were added. 

The physical layout of the major system components is shown in 

Fig. 2. The computer system and processing electronics are housed in a 

combination countertop desk/double rack arrangement, which is shock

mounted to the left wall and to the floor, but which can be rolled out 

from the wall for access. The transversely excited atmospheric

pressure (TEA) discharge section of the laser was placed at the far end 

of the trailer to remove its radio frequency interference (RFI) from 

the processing electronics as much as possible. The parts storage/ 

workbench area was located at the opposite end of the trailer from the 

optics to keep airborne contamination near the high power laser beams 

to a minimum. 

The optical layout is shown in plan view (to scale) in Fig. 3a, 

and all components are labeled. Figures 3b and 3c show the components 

used for transmitting and receiving, respectively. The telescope 

syste~ used for both transmitting the pulse and receiving the backscat

tered signal is an off-axis, parabola-parabola Mersennes type. Its 

beam is directed hy the 40 cm flat mirror M8 either vertically through 

the roof to a two-flat hemispherical scanner, or horizontally out a 
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a) 

b) 

c) 

Top View NOAA Lidar Optics 

Top View: Transmit Optics 
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Fig. 3. NOAA optical layouts. For scaling, optical table is 
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transmit optics, and part c) is the receive optics. 

8 



side window. The secondary is micrometer-mounted to permit focusing 

from 110 m to 00, with only small increases in aberations for finite 

focal settings. 

Two important modifications were made to the telescope. The 

first was the addition of a finder scope to permit the operator to 

locate his targets without interfering with the lidar operation. The 

second was the rearranging of its two-mirror system of flats which 

couples the unmagnified heams into and out of the telescope. 

The finder scope system is shown in Fig. 4. Sliding mirror 

9 

m2 from position b to a with a precision slide permits the operator to 

first sight his target and then remove the obstruction of m
2 

from the 

outgoing and incoming beams, while maintaining a pointing accuracy of 

better than 10 ar~ seconds. Image orientations can be corrected for 

any scanner position by rotating the porro prism P2 irr front of the 

finder scope objective lens. Finally, to maintain correct parity, a 

roof prism PI is used in place of the normal 90 0 turning flat. This 

increases the Humher of reflections by one to make the total number of 

reflections plus inversions even. Mirror m
l 

adjusts the sighting of 

the finder scope. 

The second modification to the telescope system was more dif

ficult geometrically. The original UTRC table was 3.7 m in length, too 

long for the trailer. Redesign of their optical layout (Fig. I) per

mitted eliminating several mirrors and shortening the table to 2.7 m, 

but required that Pl of Fig. 3, which is a Fresnel prism (A/4 pulariza

tion transforming element), to be located very close to its present 
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position. Since its output clirection is fixed with respect to its 

input (and the input was set), the telescope had ko be raised 21 cm 

ahove the optical table. Mirrors M2 and M3 were placed to intercept 

the prism's Olltput and couple it through the telescope truss structure 

at the correct position and direction with respect to the telescope 

axis. Positioning these mirrors and setting their angles was aided by 

a HeNe laser HI. The use of this "reference beam" laser will be 

discussed in the section on alignment. 

To aid the operator, all electronic and optical controls (lock 

loops, spectrum analyzers, oscilloscopes, attenuations, etc.) are 

placed in one area on the left side of the optical table. A set of 

extremely useful mirrors are suspended from the ceiling to permit the 

operator to view the electronic outputs from several other positions 

around the tahle. 

Optical Lavout 

Major changes from the UTRe layout of Fig. 1 to the NOAA layout 

of Fig. 3 include the placement of the local oscillator (LO) laser, 

elimination of the spark gap device for pulse clipping, relocating the 

Brewster angle T/R switch and A/4 element, elimination of a number of 

transmit and receive mirrors, the addition of alignment mirrors and 

lasers, and the addition of a LO beam expander. All optical mounts 

were designed or specified by the candidate, who also physically 

integrated all the parts of the lidar system. 
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In Fig. 3b, the main laser cavity containing mode cell (or gain 

cell) G1 is formed between an output coupler of 20 percent transmission 

and 25 m radius of curvature (concave to cavity) and a ruled grating of 

150 lines per mm and 95 percent effective reflectivity. The cavity 

length L is 2.86 m, with the beam waist located at the grating. The 

mode control iris 18 was moved from its position close to the output 

coupler in the UTRCdesign to near the grating in the new design. 

The cavity parameter Zo for this symmetric case where R2 = 

-R1 = R = radius of curvation of the cavity mirrors and Leff = 2L, is 

found by solving 

Z 2 Leff (2R - Leff ) 

o 4 
or 

z 7.96 mm. 
o 

. Then the beam radius w(Z) as a function of distance Z from the 

beam waist w at Z = 0 (at the grating) is 
o 

where 

w(Z) = wo[l + (~ )2]1/2 

w 2 
Z A 

o 
o n 

o 

Solving these equations for our cavity, 

w 5.2 mm 
o 

and 

7.2 mm 

where Z is the distance to the secondary mirror, equal to 7.69 m. sec 

We measure beam diameters of 10.5 mm and 15.0 mm at these points, 
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agreeing well with the calculations. All radii and diameters are the 

-2 e power points of the Gaussian beams. 

All the elements in the main cavity were originally mounted to 

a single, hollow steel tube 5 em high, 20 em wide, and 3 m long, which 

was cantilevered off the back of the optical table to support the 

grating box. The arrangement was not only susceptible to thermal 

problems, but acted as an acoustic pickup. The hollow steel plate 

would resonate at about 3 kHz for nearly two seconds after being 

tapped, modulating the optical cavity. This resonance limited the use-

ful PRF of the system to about 5 Hz because the locking loops could not 

reacquire lock sooner than 200 ms after the acoustic impulse generated 

by the TEA discharge coupled into the cavity via this tube. 

The solution was to mount each cavity component separately on 

shock-mounted plates, to support the grating box with a sand-filled 

(for damping) aluminum plate braced from below, and to acoustically 

insulate the entire cavity with isolated plexiglass covers and rubber 

mats. The useful PRF of the system was extended to about 30 Hz, as 

illustrated in the before and after frequency jitter time series of 

Fig. 5. 

The beam leaving the main laser cavity is horizontally 

polarized. In the non-pulsing, CW mode, output arises from the sealed-

off, lar~e bore (2.2 em), low pressure (100 torr) gain cell GI, which 

is approximately 50 em in length and water cooled. The TEA section, 

with its 25 em long, 2 em high, 4 em wide discharge simply adds gain to 

the cavity, resulting in 0.1 Joule pulses, which are normally 3 ~s in 



Discriminator Output 
(123 mv/M Hz) 

Before 
Modifications 

After 
Modifications 

Fig. 5. Fr~quency jitter improvement. Before (top) and after 
(bottom) modifications to cavity element mounts. Horizontal 
scale is 20 ms/div., vertical scale is 800 kHz/div. Vertical 
displacement represents the deviation from an ideal 20 _MHz dif
ference frequency bewteen the TEA's mode cell and the local 
oscillator. 
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duration (containing 80 percent of the power). The pulse length is 

tuned by changing the ratio of N2 to CO2 in the TEA gas mixture. The 

beam is turned by ~rror M1 (99 percent reflective) and impinges on the 

transmit/receive (T/R) plate at Brewster's angle, transmitting nearly 

all the energy. The plate is a 4 x 18 cm piece of germanium, which has 

flat surfaces and is wedged to 7 arc minutes. The wedge helps elimi

nate Fabry-Perot type interferences fringes and permits separatin~ the 

reflected LO beam from the transmit he am path, but it does reduce the 

transmission efficiency very slightly. 

After passing through the T/R plate, the beam enters the ZnSe 

Fresnel prism PI, which acts as a quarter-wave plate for all wave

lengths between 2 and 20 ~m. Both the input and output surfaces are 

purposely tilted for non-normality with the input beam, insuring that 

reflections are not directed toward the signal detector. Both surfaces 

are broadband anti-reflection (AR) coated. The output beam from the 

prism is circularly polarized and is directed by mirrors M2 and M3 to 

place the heam 1.1 cm off the Mersennes axis, but parallel to it. The 

beam is then ~xpanded by the telescope to a nominal diameter of 28 cm 

and is directed out of the trailer by M8, as explained earlier. 

The ideal diameter of the transmitter beam at the primary is 

87% of the primary diameter, or 24.3 cm. This is the best compromise 

between power loss due to overfilling the primary and diffraction loss 

in the far field due to underfilling it, as discussed in Chapter 3 on 

system calibration. The focal lengths of the telescope primary and 

secondary elements are 202 cm and 10.3 cm, respectively, yielding an 
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expansion ratio of 19.6. For the 1.50 cm input beam diameter at the 

secondary, the diaMeter at the primary is 29.4 cm, far from ideal. The 

computed SNR loss for this situation over the ideal is 2.1 dB. 

Surprisingly, the UTRC layout had nearly an identical output coupler to 

secondary distance, yielding the same SNR loss. The ideal secondary 

f~cal length is 12.5 cm, but funds have not yet become available for 

this important upgrade. 

Another approach would be to increase the radius of curvature 

of the output coupler, say to 42 m (commercially available). Then Z 
o 

10.6 6 mrn, and the beam size at the secondary would be 1.48 cm 

with sli.ghtly less divergence. The increased beam size would extract 

about 33 percent additional energy from the TEA discharge, due to the 

increased cross sectional area of the beaM, and lead to an increased 

mode cell output as well. The cavity would he more sensitive to ther

mal steering of cavity elements, however. 

Aerosols backscatter signal to the priQary, Doppler shifting 

the transmitted frequency Vo according to their radial velocity VR• 

The Doppler shift is ~v 2voVR/c, where c is the speed of light. In 

Fig. 3c this circularly polarized signal follows precisely the same 

path backwards through the system, but is polarized vertically after 

exiting prism PI, thus reflecting off the T/R plate towards the signal 

detector instead of transmitting through it towards the laser. The 

efficiency of this reflection is increased from 77% for bare germanium 

to 97% by a thin-film coating on the telescope side of the plate. 

Polarizer POLl' set to accept only vertically-polarized light of 
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signals and of the LO (thus rejecting the horizontally polarized 

transmitter), is placed in front of the detector focusing lens Ll. The 

polarizer reduces detector saturation effects during pulse transmission 

considerably. 

The LO laser meanwhile is transmitting a vertically-polarized 

CW beam attenuated by the polarizers POL 2 and POL
3

, through the T/R 

plate to the Signal detector, as shown in Fig. 3c. Approximately 1 mYl, 

controlled by polarizer POL
3 

falls on the detector chip, while nearly 4 

mw is reflected towards, but not into, the main cavity. The local 

oscillator is locked 20 ~rnz ±100 kHz below the frequency of the 

transmitter. This is accomplished by splitting off a portion (10%) of 

it's output with beamsplitter Bl, rotating it from vertical to horizon

tal polarization with half wave plate A/2, and combining it with a weak 

CW transmitter beam reflected first off the front mode cell Brewster 

window and then off the 50% beamsplitter B2. The combined beams are 

focused by lens L2 onto detector D2 where heterodynirig occurs. A 

discriminator circuit senses the frequency of the beat and provid~s a 

feedback voltage for the lock loop which drives the La's output coupler 

PZT to change the La cavity length and maintain the 20 HHz offset. 

Two major changes were made in this loop. The offset frequency 

was changed from 30 ~rnz to 20 ~rnz to increase the power output of the 

LO, since 30 ~rnz was too far from line center for the gain curve of the 

laser. Secondly, the electronic bandwidth of the loop was increased 

from 10 Hz to 70 Hz to allow the loop to compensate for 30 and 60 Hz 

vibrations coupled into the optics by the trailer air conditioner. 
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The main laser cavity is maintained on line center by a second 

servo loop. The output coupler PZT of the main cavity is "dithered" 

back and forth sinusoidally by applying a small a.c. signal of 7 kHz to 

it. As the cavity is swept in frequency across Gl's gain curve the 

output power varies. Detector D3 senses this power variation and the 

loop detects which way to drive the PZT to keep the dithered po~er cen-

tered on its peak output. hence the name hill-climbing servo. 

Occasionally the PZT in this loop will change resonant frequencies. 

necessitating a change in the dither frequency. Thermally-induced d.c. 

offset errors necessitated adding an operator-adjusted potentiometer on 

the loop electronics. Otherwise. this loop has performed well without 

modification. 

It is important to properly adjust the relative sizes of the 

signal spot and the local oscillator spot on the detector chip (Cohen, 

1975), as well as to insure that both are focused on the same focal 

plane (i.e., that both have the same phase front curvature or diverg-

ence on entering the detector lens). The ideal pattern of the uni-

formly-distributed signal after focusing is an Airy pattern, which has 

its first zero on the edge of the detector chip and is centered on the 

chip. The ideal Gaussian-distributed local oscillator pattern has its 

-2 
e power points located at 70% of the chip's diameter. This ambiguity 

in spot sizes leads to the best system SNR because relatively little 

shot noise is generated where the signal is low. 

Our signal is 1.43 cm in diameter at the secondary (uniformly 

distributed) and should be, by diffraction, 2.1 cm diameter (D) after 
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propagating the 3.6 m to the detector lens. We want the detector lens 

of focal length f to focus this beam to a 200 ~m diameter spot, which 

is the size of the detector chip. Thus 

or 

for 

and 

X 10-6 Af 200 m = 2.44 --D 

f 

A 

D 

.16 m 

10.6 x 10-6 m 

.021 m. 

But we have found, by decreasing the iris aperture 12 of Fig. 

3c until we first notice a SNR degradation of 0.5 dB, that the effec-

tive signal diameter is only 1.4 cm. This discrepancy must be caused 

by' aberations, and explains several effects noticed while calibrating. 

Thus empirically we desire a lens of focal length 10.7 cm, and chose 

10.0 cm as the closest standard focal length which would focus the use-

ful signal on the chip. This empirical determination of signal size 

was done with a small input 10 beam size (~6 mm) to insure near uniform 

LO power across the detector chip, and with a short focal length lens 

Ll to insure the entire signal was contained on the chip. 

Next, to make the LO spot on the chip ~70% the size of the 

signal spot, the LO beam must be 140% the size of the signal beam at 

lens Ll. Thus, we desire a 2.0 cm diameter LO beam size at lens Ll. 

The beam at the output of the LO laser is .35 em and diverges markedly. 

By inserting the beam expanded into the 10 beam, two problems are 

solved--the beam is collimated so that signal and LO wavefronts are 

better matched (both are focused at the same focal plane), and the beam 

can be properly sized. The ideal expansion ratio is 5x for the .40 cm 
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LO beam size (at the expander). Unfortunately, only a 2.0 expander was 

available, but its insertion and subsequent collimation of the LO beam 

improved SNR markedly--about 1.2 dB. 

Systel'l Alignment 

Alignment of the system can be divided into initial alignment 

and routine alignment. Much of the initial alignment was simply com

ponent layout, and was done mechanically by measuring angles and 

drawing lines on the optical table. The infrared beams were traced by 

using various temperature range liquid crystal sheets (these change 

color in response to local temperature changes after absorbing a beam's 

energy) or Quenched-flourescent, ultra-violet illuminated cards. All 

UTRC germanium elements (except detector windows and the T/R plate) 

were changed to ZnSe to facilitate visual alignment with HeNe lasers. 

Routinely, the main cavity is aligned with auxilIary HeNe laser 

H2. This must be done each time a cavity component is changed. Laser 

H2 is directed down the axis of the cavity, defined by the center of 

the output coupler and the center of the rear grating. Hode cell G1. 

with its ZnSe Brewster windows, is placed so that the internal HeNe 

beam is approximately centered on its bore, and its front window is 

precisely positioned axially and rotationally to direct the reflection 

off its front surface horizontally through beamsplitter B2 to a preset 

mark. The output coupler is then adjusted so the reflection from its 

inner surface is retro-reflected to H2. The grating angle is initially 

set with the HeNe input beam at diffraction order 16.74 (the ratio of 
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CO2 to HeNewavelengths) to position the Littrow retro-reflection of 

the CO2 beam. The HeNe beam is then blocked to protect its output 

coupler, the mode cell is turned on, and iris 18 (near the grating) is 

fully opened. The grating is, then ",tweaked" on both axes until lasing 

occurs. Pumping out the TEA section reduces CO2 absorption in the 

cavity and makes initial alignment easier, but it does alter cavity 

length and alignment by changing the refractive index and pressure

bending the TEA Brewster windows. However, ~fter initial alignment, 

the TEA is filled and the cavity is realigned for normal operating con

ditions. Since the mode-ceIl-pumped cavity operates very close to 

threshold, it is important to keep losses in it low. All four Brewster 

windows, the output coupler, and the grating must be cleaned regularly. 

The sealed-off mode cell is pumped and refilled after 150-250 hours of 

service, while the TEA section is pumped and refilled daily. Oxygen 

build-up in the TEA section is minimized by slowly flowing premixed gas 

through it during pulsed operation. 

The grating tuning is done with NOAA-installed differential 

micrometers while the cavity is being swept through at least two longi

tudinal modes, accomplished by applying a sinusoidal, 100 Hz voltage to 

the PZT driven output coupler. An oscilloscope, triggered by the same 

sine wave, displays the output of detector D3. When lasing occurs, a 

series of stationary bumps is seen, each representing the Doppler 

broadened gain curve of the mode cell. This technique eliminates one 

of the three variahles in cavity alignment (cavity length), leaving 

only the two aXes of the grating to be adjusted. A similar technique 
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is used on the LO cavity, with detector D2 connected to the 

oscilloscope. The switching of the oscilloscope inputs, the detectors, 

and the PZT from their operational to their alignment configurations is 

accomplished in seconds by three DPnT coax switches. A complete 

realignment of both lasers, necessitated typically every 30 minutes by 

long-term thermal effects, can be accomplished in less than two minutes 

by one person using this technique. 

Alignment of the offset (heterodyne) detector requires some 

care, since the beams from the LO and the mode cell need to be colli

near. Detector D2 is removed ann the reflected beam from laser H2 is 

viewed on a sheet of liquid crystal close to beamsplitter B2. The LO 

is then .allowed to impinge on the sheet and the LO beam is steered by 

BI to coincide with the HeNe beam. The sheet is then moved to where D2 

used to be and B2 is adjusted to bring the HeNe and the LO spots 

together. The beams are then coincident at two points in space, hence 

they are collinear. The detector is replaced and lens L2 is adjusted 

. axially and transversely for maximum signal. The half-wave plate bet

ween HI and B2 is necessary to rotate the vertically-polarized LO to 

match the horizontally-polarized main cavity radiation. Iris 16 redu

ces the LO power to an acceptable, non-saturating level. It must be 

centered on the LO beam. 

The ReNe laser labeled HI in Fig. 3 provides the reference beam 

for the whole system. It is folded into the optical path by moving 

mirror M6 via a precision slide from its position out of the signal to 

one in it. This reference beam passes through the center of iris 12 
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and reflects from the germanium T/R plate. From this point on it iden

tifies precisely the desired position of both the transmit and receive 

beams. To insure collinearity, the transmit beam is made to coincide 

with the HeNe beam at two points--just before entering Pl and at the 

telescope's secondary mirror--using a quenched-flourescent card and 

adjusting Hl axially and rotationally. 

A similar procedure is used to align the LO beam precisely with 

the signal beam. By reciprocity, the signal beam lies exactly on the 

reference beam of HI. The LO beam is made collinear with the reference 

beam (hence with the signal) by making the two beams coincident at iri

ses II and 12 using specially mounted liquid crystal targets that are 

held (and centered) by the irises themselves. 

The first telescope folding mirror H2 is adjusted to bring the 

HeNe beam through the pre-positioned iris 13, in front of M8. This 

insures that the input/output beam to the telescope secondary is 

parallel to the optic axis and is centered exactly 1.1 cm from it, as 

required by the telescope design. Considerable care was taken to 

insure that the parabolic primary and secondary of the off-axis system 

were mounted correctly, without tilt or decentering, and that the 

secondary focal carriage motion was precisely along the optic axis. 

However, later analysis of the telescope system using ACOS software 

indicated that even large decenterings (millimeters) and tilts 

(degrees) introduced relatively small rms phase errors, except at focal 

ranges less than 200 m, due to the large F/U of the system. 
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The same HeNe beam, expanded by the telescope and therefore eye 

safe, is transmitted through the scanner or side window and is visible 

to an observer even in daylight. Hy centering his eye on the beam, he 

permits the operator to adjust the finder scope using mirror m
l 

of Fig. 

4 to put the crosshairs on his eye. This can be done for any focal 

setting of the secondary, but the operators must be aware that changing 

the focal setting of an off-axis system steers the beam. For instance, 

changing from a focal setting for 160 m to the setting for 00 steers the 

output beam 1.9 milliradians horizontally towards the secondary. This 

is an important effect for the diffraction-limited beam of 0.1 millira

dian divergence. 

The axial positioning of the secondary is important for cali

brated focal settings. Two methods can be used to position the secon

dary and they should agree. From the focal lengths of the elements, we 

ca~ generate the relationship between secondary position and focus, as 

in Fig. 6, following the thin lens equations of Smith (1966). Maxi

mizing the SNR from a target at a known range then identifies the 

micrometer setting of the secondary carriage, and all focal settings 

are made relative to this. A second, more elegant method is to retro

reflect the expanded reference beam from HI at the telescope output 

with the 40 em flat M8, and adjust the secondary position to minimize 

the retro-reflected spot size at the head of laser HI. If the laser 

were perfectly collimated, the setting would correspond to autocollima

tion, or a focal setting of 00. But the HeNe laser has a 1.3 mr 

divergence (lab measurement and manufacturers specifications agree) and 
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appears to originate 4.6 m from the secondary (calculating the exact 

Gaussian spherical wave yields a 4.7 m apparent rearward origin). 

Using the lens equation, this divergence causes a 2.3 mrn increase in 

secondary to primary separation. Making this correction, the two 

methods agree experimentally to within 0.2 mm. 
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While in the retro-reflecting configuration, it is useful to 

transmit the mode cell output and have it retro-reflected to the detec

tor (making sure the detector is blocked!). Measuring laser output 

power and comparing it to power at the detector gives two-way optical 

efficiency through the elements transversed, including all polarization 

effects, but not including aherations (which appear as heterodyne 

losses). The measured power efficiency is 44 percent, with most losses 

occurring in the four telescope elements. Changes in the polarization 

states from those desired were not measurable, even for obtuse folding 

mirror angles. This indicates that the difference in phase retardation 

upon reflection for Sand P light at A = 10.6 ~m is negligible over the 

angles of incidence experienced by our beams and for the types of 

coatings and surfaces we employ. 

A useful test to perform while in the retro--reflecting con

figuration would be to expand the reference beam from HI and insert a 

Twyman-Green (Born and Wolf, 1980) interferometer in place of iris 12. 

The two-way system aberations, excluding those of elements POLl and Ll, 

and D1's window, would be discernable. Of course, their magnitude 

would need to be reduced by a factor of 16.74 for the ratio of 1R to 

visihle wavelengths. 
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The last system component t6 be aligned is the roof-top 

scanner. Upon reaching a field site, and after "settling" for a day or 

so, the entire trailer is leveled with the aid of a bubble level on the 

azimuth scan bearing to 1 arc minute. An assembly containing 

oppositely-directed, collinear HeNe lasers is then placed inside the 

telescope truss structure, and its position is adjusted to place the 

rearward-directed beam on the beam axis of the telescope (center of 

primary and through iris 13). The forward-directed beam is therefore 

also on the telescope beam axis. A flat mirror is fastened to the azi

muth bearing so that the axis of rotation of the bearing is normal to 

it. We desire the telescope beam rising from M8 to be parallel to this 

axis, and achieve it by adjusting M8 to retro-reflect the BeNe beam 

from the mirror. Bearing accuracy may be determined by spinning the 

scanner 360 0 in azimuth and measuring the retro-reflected spot wander. 

The measured accuracy (or bearing wobble) is 0.5 mr or less. 

Once the 40 cm flat is properly oriented, the retro-mirror is 

fastened to the elevation axis bearing and the first scanner flat is 

adjusted for retro-reflection. Finally the second scanner flat is set 

to achieve a 90 0 reflection of the HeNe beam. 



CHAPTER 3 

CALIBRATION 

Probably the most difficult and the most important task for 

acquiring meaningful scientific data with a coherent lidar is calihra-

tion. Without knowing the systems performance on an absolute basis 

from day to day, one cannot accurately retrieve B profiles from the 

signals and perform the kind of analyses used in this dissertation. 

The reward for performing a careful calibration is a thorough 

understanding of the system, which permits identifying shortfalls in 

the optical design and subsequently making improvements in system sen-

sitivity. The sensitivity of the NOAA system to B has been improved 

by 8 dB over our two-year calibration period. 

The quantity measured by nearly all systems employing a photo-

mixing receiver (heterodyne detection) is the power signal-to-noise 

ratio (SNR). For an ideal photodetector with a uniform qUnntum effi-

ciency n across its surface, the output current i is 
o 

Hhere 

i 
o 

-1 
(coulombs s ) 

number of photons per second incident on 

-1 
the surface (s ), and 

28 
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e elementary change of an electron 

(coulombs) • 

This output current may be expressed in terms of the nearly mono chroma-

tic (of frequency v) input power Pi since 

where 

Thus 

h 

i o 

Planck's constant (J s). 

(ne/hv) Pi • 

In heterodyne detection, the input power Pi arises from two 

sources--the reference (r) or local oscillator and the signal (s). As 

an intermediate step, field amplitudes E rather than powers P must be 

used. The total field E. input to the photo-surface is 
1 

Ei E cos w t + E cos w t r r s s 

where radian frequency of the reference 
-1 

w (s ) , r 

radian frequency of the signal 
-1 

w (s ), and 
s 

t time (s). 

2 The average input power Pi is Ei /2. Since the electronics which 

follow the detector cannot respond to currents (or voltages) at optical 

frequencies, it is necessary only to retain the "low" frequency terms: 

or, 

i 
o 
~P 
hv i 

in terms of the input powers P and P , 
r s 

i 
o 

ne [p + P + 2 ~cos (w -w )t] • 
hv r s l"t'rt's r s 
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The ideal mode for operating a heterodyne detector is to have 

the shot noise generated by the reference current do~inate all other 

noise sources. This is because there are a great many photon-generated 

carriers, idealizing the statistics and yielding "white" noise. The 

shot noise from such a current i is given by (Wolfe and Zissis, 1978) 
r 

where 

2 eBi 
r 

B = bandwidth of the receiving electronics (s-l) 

and it is assumed P »P (therefore P is ignored). r s s-

The signal current i is that factor in the expression for 
s 

i containing the difference frequency (w - w ), so o r s 

i 2 
= 4 (ne)2 P p cos 2 (w - w )t • 

s hv r s . r s 

By averaging over a period T 
-1 

B which is long co~pared to 

-1 
(w - w) , 

r s 

since 

. 2 2 (.!1!:.) 2 p P 
1S hv r s 

cos 2 (w - w )t = 1/2 • 
r s 

The power across the detector load resistor R is P so the power 

SNR is 

SNR 
Ri 2 

s 
= Ri 2 

N 

nP 
s 

hvB 

It is informative to view this result in another way, namely 

SNR nN s 

number of signal photons received in the time 
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This result is true for either a CW signal or a pulsed one, since 

P N hvB for CI-J 
s s 

and p 
s 

N hv/T for pulsen, where T 
s 

T pulse duration. 

Thus heterodyne systems are capable of single photon detection with 

SNR = 1. 

The signal power received from the diffuse atmosphere or a hard 

tar~et is not an easy quantity to calculate. If the transmitter output 

power P
T 

(w) was uniform in time and had a circular beam which exactly 

and uniformly illuminated the transmit/receiver aperture of diameter D, 

the signal power would be, assuming no atmospheric effects, 

2 
p = P

T 
L 8 lTD • 

s 4R2 

Here 8 volume backscattering coefficient (m 
-1 -1 

sr ), 

L pulse length = cT/2 for a pulsed system 

effective focal depth for a CW system (m), 

and R range to the center of the scattering volume (m). 

2 2 
Here T is the pulse length (s), ann the quantities (cT/2) and (1TD /4R ) 

are the length (m) of the atmospheric volume being sampled and the 

solid angle (sr) suhtended by the receiver as seen from the scattering 

volume at range R. 8 is the differential cross-sectional area in the 

backscattering (1T) direction per unit volume divided by 41T sterradians. 

2 3 -1 Thus it is often laheled S and has units of m per m per sr, or m 
1T 

-1 sr For a pulsed system 
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where J energy per pulse (J). 

Unfortunately, ideal systems do not exist. 'Corrections to the 

SNR equations must be made for heterodyne losses due to mismatching the 

reference and signal wavefronts and beam sizes, diffraction losses of 

truncated Gaussian beam profiles, non-ideal noise effects, atmospheric 

absorption, transmission losses of the optical system, refractive ~ur-

bulent effects of the atmosphere, and for fluctuating signals. For a 

given system, each of these effects may be included in the SNR equation 

as a multiplicative constant, generally range dependent and less than 

unity. The form of each of these multiplicative constants (AI' A2 , 

••• ) will be developed next, and evaluated for the NOAA system. 

Shot Noise Effects (AI) 

In developing the basic SNR equation, it was assumed that all 

the noise was due to photon-generated shot noise of the LO detector 

current. In general, however, other system noises are not negligible. 

Their random power fluctuations may be represented hy another term i 2. 
n 

Whenever iN appears in the SNR development, (iN
2 + i n

2) should appear, 

and the factor i N
2/(iN

2 + i
n

2) represents the error introduced by using 

iN 2 alone. 

A plot of iN 2/(iN
2 + in 2) vs. dB of shot noise (above other 

system noise) is shown in Fig. 7. The NOAA lidar signal detector is 
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only able to generate shot noise ahout 3 dB ahove other system noise 

before saturating, so the SNR equRtion is reduced by 0.5 in our case. 

A correction for the daily varying shot noise is included in the 

calibration factor CAL in program BETA (see Chapter 4) before solving 

the SNR for S. 

Atmosnheric Absorption (A
2

) 

At A = 10.6 llm, the only naturally-occurring atmospheric gil.ses 

which absorb appreciably are CO
2 

and H20. Water vapor displays both 

line absorption and continuum absorption, but at A = 10.6 llm H
2

0 line 

ahsorption coefficients at all altitudes are less than 0.1 of the con-

tinuum absorption coefficients. 

Calculating atmospheric absorption due to CO
2 

is relatively 

straightforward. The line strengths, widths, and pressure and tem-

perature effects are well-known for all isotopes of the CO
2 

molecule, 

as well as other atmospheric gasses. These are compiled by AFCRL on a 

magnetic tape" (McCl~tchey et a1., 1973) which has been updated in 1978 

and 1982. A program developed hy the candidate (modeled after HITRAN 

(McClatchey and D'Agati, 1978) of AFCRL) inputs the model atmospheres 

of AFCRL (McClatchey et a1., 1972) and computes the ahsorption coef-

ficients vs. altitude. In the program the effects of the wings of 

-1 
lines located up to 10 cm away are included, and all interpolations 

in the atmospheric models are done linearly. Lorentzian line shil.pes 

are used throughout the atmosphere, and this may introduce errors at 
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high altitudes, \vhere line shapes are closer to the Voigt profile. 

Fortnnately, ahsolute errors are small at high altitudes, since gases 

are tenuous there. 

Continuum absorption by H20 is also hanrlled in the program, ann 

generally follows the methods of Roberts et al. (1976). The empirical 

constants used in these calculations are less agreed upon than the line 

parameters, hence the absorption coefficients so computed are more 

questionable. 

While CO2 is well-mixed in the atmosphere and its concentration 

is well-known at all altitudes, H
2

0 displays considerable variability. 

To quantify the variability between the AFCRL models and "true" H
2

0 

absorption (as computed from rawinsonde measurements of temperature, 

pressure, and dew points near Denver, CO), the equations of Zuev (1972) 

are employed. Water vapor partial pressure E in millibars (mb) at a 

given altitude z is: 

where 

E = E 
o 

6.11 mb 

b 7.5 

T dew point in °C. 

Then the absorption coefficient a (at level n) due to water 
n 

vapor continuum can be computed using Roberts et al. (1976). The one-

way transmission Ti to level i is 

T. 
1 

-x 
e 
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i 
where x L a /),Z secS 

n=1 n n 

and S zenith angle. 

The two-way ahsorption due to water vapor in dB is 

10 log T~ 
~. 

i 
8.66 L 

n=1 
a /),Z secS. 

n n 

Twenty-four rawinsonde profiles were selected to analyze--two 

extremely dry (total precipitable water vapor W ~ 0.1 cm), ten mean 

summer profiles (W ~ 1.7 cm), and ten mean winter profiles (W ~ 0.5 

cm). Hean precipitahle Hater vapor amounts are given by Lott (1976). 

Figures 8a and 8b contrast the rawinsonde-computed two-way loss pro-

files with the summer and winter model losses. Lott's values of stan-

darn deviations of H imply deviations for losses at the top of the pro-

file of ~ 0.1 dB for winter and ~ 0.4 dB for summer. These loss 

fluctuations reduce to zero as the altitude is decreased. Thus the 

AFCRL H
2

0 loss profiles which NOAA uses are contained within the error 

bars of the radiosonde-derived loss profiles. 

In a sense, Denver and BO\llder are ideally located to minimize 

the errors introduced by water vapor fluctuations and to make possible 

the use of standard models, such as those of AFCRL. Other locations at 

altitudes near sea level experience higher precipitable water vapor 

amounts and would, upon performing a similar study, predict much 

greater day-to-day errors. Of co~rse, errors at any location will 

increase dramatically with increasing zenith angles. 
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The modeled loss profiles (including absorption by all 

atmospheric gasses) for a vertically pointing lidar operating at A = 

10.6 ~m is shown in Fig. 9. The midlatitude summer and winter losses 

are incorporated into the BETA program (Chapter 4) for retrieval of 

backscattering coefficients from atmospheric signals for the Boulder-

based system. 

Similar calculations are used when field calibrations are per-

formed, typically with a horizontally pointed beam, and the calculated 

atmospheric losses are removed. Figure 10 ShOHS a case when successive 

removal of CO2 and H20 absorption brings observed data into agreement 

with theoretical performance. 

Refractive Turbulence Effects (A3 ) 

The optical index of refraction n of the atmosphere depends on 

temperature, pressure, and humidity. Turbulent mixing of the atmos-

phere produces inhomogeneous spatial distributions of these variables, 

leading to spatial fluctuations in n. The optical index of refraction 

. 2 
structure parameter, C , is a measure of the optical turhulence pro

n 

perties of the atmosphere, and is defined by 

C 2 = (n 
n 1 

where n1 and n2 are values of the real index at points separated by a 

distance L. In dry climates and at infrared wavelengths, C 2 is prin
n 

cipally determined by temperature fluctuations representing turhulent 
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heat flux, so it is not surprising to find large values (10- 12 to 10-13 

m2/ 3) of C 2 near the heated Earth's surface. Downward turbulent 
n 

transfer of heat from the stratosphere through the tropopause can lead 

to enhanced values of C 2 in these regions. Figure 11 shows a model 
n 

(Hufnagel, 1974) for the atmospheric C 2 profile, together with the qO~ 
n 

extrema. 

In a coherent system, the spherical phase fronts of the ener~y 

backscattered from each scatterer must be maintained. Refractive tur-

bulence partially destroys the transverse spatial coherence, therehy 

potentially reducing coherent sensitivity. To quantify the amount of 

received energy which is effectively detected, Thomson and Meng (1974) 

have developed an expression for the effective aperture D
eff

: 

where 

and 

R 

r 
a 

radius of telescope primary 

( 1 + )3/5 
P12 

Here z is 'the distance from the linar to the target, A is the wave-

length, and P12 is the 3-D correlation between the refractive index 

fields as seen hy the outgoing and returning lidar beams. The correla

tion term, which is a function of r. 2 was first analyzed by Clifford 
~' 

and Wandzura (1978) as it applies to monostatic systems. 

Physically, wavefront tilts induced in the outgoing waves are 

compensated by opposite tilts of the incoming wave, if the turbulence 
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remains correlated hetween the times the two waves traverse the media. 

Theoretical and experimental results show that for unfocused systems 

with primaries less than 1 m in diameter and for C 2 values less than 
n 

5 10-14 2/3 x m, turhulent effects on 10 ~~ coherent systems are negli-

gihle to ranges in excess of 10 km. 

T · C 2 5 10- 14 l' h' 1 ld b f d o lnsure < x , ca 1 ratlons S10U e per orme 
n 

under overcast conditions. To ensure that beam wander effects (induced 

by dn/dt) are minimal, calibrations should not be done near sunrise or 

sunset. Therefore, the ideal conditions for calihrating a coherent 

lidar with hard targets is under cloudy conditions between mid-morning 

and mid-afternoon. Under these conditions, refractive turhulence 

effects are negligible and the corresponding multiplicative factor 

A3 in the SNR equation is set to 1. In all cases normally encountered, 

refractive turbulence may be ignored for a vertically pointing 10 ~m 

lidar since the integral in the r equation is so small. 
a 

Apodization and Phase Matching (A4 ) 

The most often overlooked aspect of characterizing a coherent 

lidar is the detailed mixing of the return signal with the local 

oscillator on the detector chip. Figure 12 depicts the geometrical 

aspects of this problem. 

In this figure, a two-dimensivnal complex amplitude field 

~T(x,y) is emitted hy the transmitter and is coupled into the telescope 

syste~, which may be focal or afocaL It then propagates to the plane 
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of interest, called the target plane, at range R. The transmitted 

system, ~lich may be focal or afocal. It then propagates to the plane 

of interest, called the target plane, at range R. The transmitted 

radiation field, denoted by ~T'(x',y') in the target plane, interacts 

in general with a random assemblage of particles, whether on "hard" 

targets or in a diffuse medium such as clouds or the aerosol-ladened 

clear atmosphere. ~T'(x',y') is calculated by Fresnel-Kirchoff 

radiation field, denoted by ~T'(x',y') in the target plane, interacts 

in general with a random assemblage of particles, whether on "hard" 

targets or in a diffuse medium such as clouds or the aerosol-ladened 

clear atmosp~ere. ~T'(x',y') is calculated by Fresnel-Kirchoff 

diffraction equations (Goodman, 1968), after properly truncating the 

transmitter field ~T(x,y) by the primary (or other limiting) aperture. 

In practice, this calculation is done by discrete fast Fourier trans-

form (FFT) techniques, such as those by Sziklas and Siegman (1975) or 

Berglund (1969). These techniques keep track of both amplitude and 

phase effects in the propagated two-dimensional fields. 

The complex amplitude field received from each of the randomly 

distributed scatterers originates as a spherical (Huygen's) wave at the 

scatterer and propagates back through the system until it mixes with 

the local oscillator complex amplitude ~LO(x,y) on the detector. If 

such a single-scatterer wavefront at the detector is denoted by 

~s(x,y), the signal current is generated by the heterodyne beating of 

the two fields and is proportional to Ip sPLO or ~/'~LO' as indicated 

earlier. In practice the power, or i 2 is measured, so the quantity 
s ' 



For a distribution of scatterers 

whose backscattered returns are uniformly distributed in phase and 

Rayleigh distributed in amplitude, the resultant time-averaged power 

signal i 2 is proportional to L ~ 2~L02, since this is essentially a 
sis 

speckle-averaging process (see Kerr, 1951). 

Instead of propagating the signal from each scatterer hack 
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through the system to the detector, Rye (1981) shows that the equations 

developed are equivalent to truncating and propagating the local 

oscillator field ~LO to the target plane (where it transforms to ~LO') 

and doing the mixing there. In this case, the sum L~ ,2~ ,2 is 
i s LO 

formed easily hy squaring the product ~T'*~LO' at each of the discrete 

transform points in the two-dimensional target plane, and summing over 

all the points in that plane, since ~s' = ~T'. This SUM may be called 

the "signal". 

To relate the "signals" derived in this manner for various 

truncations (apodizations) and divergences of the transmitted and local 

oscillator fields, it is necessary to normalize the "signal" sum by the 

integrated power in the transfor~ed local oscillator field ~LO'. This 

is because the power in ~LO' varies depending on the truncation of 

~LO as it is propagated through the telescope to the target plane, but 

the overall result should not he dependent on ~LO" since the detector 

is assumed to be shot noise limited. 

A practical consideration is the aliasing introduced by the 

discrete FFT, which Berglund (1969) discusses in detail. One must be 

careful that the digitization of the input and output planes and the 
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range between them are correctly chosen so that diffraction from other 

(aliaserl) input orders noes not contaminate the output results. 

To judge the effects of realistic apodizations in relation to 

inealizen assumptions of infinite, perfectly collimated Gaussian 

transmitter and LO beams, we compute "signals" in the target plane 

first for the untruncaterl, collimated case and then for the actual 

case. It is found that the best apodization of the transmitter beam is 

-2 
to place its e power points at 87% of the primary aperture (Rye, 

1982). This minimizes the loss from the ideal case to 3.7 dB. 

Unstable resonator outputs (donut shape) degrade SNR an .additional 

range-dependent amount, assuming the same Gaussian, collimated local 

oscillator is usen. Divergence and size of the local oscillator are 

important variables, and must be specified accurately to predict SNR 

performance to within 1 dB. Known aberations may also be included 

(Rye, 1982). 

The range-dependent apodization factor A4 for the NOAA 

telescope for a focal setting of ~ is shown in Fig. 13 and is included 

in the SNR equation when taking data. Figure 14 shows effects for 

other focal settings which are used in calibrating. No aberations have 

been assumed in any of these curves, ~~hich may well account for some of 

our unexplainen losses. 
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Fig. 13. Apodization effects on telescope gain. The degradation of 
detected signals due to physically truncating Gaussian beams at the 
edges of optics is shown in relation to ideal, untruncated beams. The 
improvement at short ranges is a real effect due to diffraction in the 
near field. 
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Optical Power Loss (AS) 

Using mirror M8 of Fi~. 3, it is possible to retro-reflect the 

transmitter CW mode cell power to the detector Dl by placing a power 

meter alternately in front of Dl and the transmitter output, one deter-

mines the two-way optical power loss due to imperfect reflections and 

transmissions. For the NOAA system, AS = .44 exclusive of scanner 

losses. 

Complete SNR Equation 

Combining all terms, the final SNR equation for a monostatic 

system focused to 00 is 

SNR 

2 
n Al A2 A3 A4 AS Ie J 1T ace 

2 hv B R2 

where n Detector quantum efficiency 

Shot noise correction fa~tor 

Gaseous absorption factor 

R 
exp -2 f I ~(R')dR' (i = species) 

o i 
Refractive turbulence correction factor 

Apodization correction factor 

Optical loss correction factor 

Unexplained loss term 

J Energy per pulse (J) 

1T 3.14159 

a Radius of telescope primary (m) 



and 

c 

h 

v 

B 

R 

-1 
Speed of light (m s ) 

Backscatter coefficient (m- 1 sr- 1) 

Planck's constant (J s) 

-1 
Laser frequency (s ) 

-1 
Electronic bandwidth (s ) 

Range (m). 
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For arbitrary transmitter and local oscillator focal settings, 

2 the A4 term must be recalculated and the R term in the SNR equation is 

replaced by 

where 

and 

Wavelength of laser = c/v (m) 

a
1 

Transmit beam radius (projected to primary) (m) 

f1 Transmit beam focus (projected from primary) (m) 

a
2 

LO beam radius (projected to primary) (m) 

LO beam focus (projected from primary) (m). 

This expression was d"eveloped by Thomson and Dorian (1967) for focal 

effects of untruncated Gaussian beams. 

Signal Fluctuations 

Careful statistical analysis of the signals received from both 

calibration targets and aerosols shows the amplitude to be Rayleigh-

distributed and the phases to be uniformly distributed (Hardesty, et 



al., 1981), as is predicted theoretically (Beck~an, 1967). The expo

nential distribution of powers for such signals has the property that 

their stannard deviation is equal to their mean, or that the relative 

uncertainty of a single measurement of power is 100%. N independent 

measurements of the power are required to reduce the relative uncer

tainty of the mean power to 100%/iN. 
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Different time intervals between the N measurements are re

quired for different types of targets to assure independence, hence, 

different averaging times are required to attain the same relative 

uncertainty in a measurement of mean power. Signals from belt sanders 

display long correlation times (milliseconds) while spinning disc 

targets and aerosols display short correlation times (microseconds). 

Using a swept-filter spectrum analyzer to measure the mean power 

backscatter from a spinning disc target (continuously-illuminated), 

wher~ the filter dwell time is milliseconds, produces perhaps 1000 

independent samples, and hence, provides about 3% relative uncertainty 

in one estimate lasting milliseconds. Measuring power hackscattered 

from a spinning disc illuminated by pulses at 10 Hz PRF requires 1000 

pulses, or 100 seconds to achieve a similar level of uncertainty. 

Determining mean power backscattered from atmospheric aerosols 

is complicated by the fact that although aerosol motion assures short 

correlation times (~icroseconds), long-term fluctuations in aerosol 

density continuously change the mean level of backscattered power on 

time scales of seconds. Depending on the size of the turbulent aerosol 

eddies, the lidar sensing volume, and other geometrical and temporal 
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factors, the accuracy in determining mean power does not increase as 

rapidly as IN. However, the SiN ratio accuracy always improves with N, 

but not as rapidly as would be possible from a stationary ensemble. We 

use 1000 pulses both for our long-range, pulsed calibrations and for 

measuring signals from aerosols to achieve relative uncertainties of 

measured power in the range of 3% to 10%. 

Results of Field Calibrations 

Doing pulsed calibrations at 2.4 km range, CW calibrations at a 

nominal range of 160 m, and observing the SNR variation with range for 

both hard targets and homogeneous, diffuse aerosol targets using dif-

ferent focal settings, all range-dependent SNR observations can con-

sistently be explained to within a constant factor of 0.48. This is 

the value of the unexplained loss term K in the complete SNR equation. 

The unexplained losses are certainly explanable; they are probably due 

to unmeasured aberations of the optical elements or lower than spe-

cified heterodyne quantum efficiency of the signal detector (71% was 

claimed by the manufacturer, and this seems unrealistically high). 

However, neither of these hypothetical explanations have been properly 

investigated. 

Table! lists the CW calibrations which have been performed, in 

chronological order. Day to day changes in system sensitivity are 

accounted for in the processed data by performing these calibrations 

and accordingly changing the value of K in the BETA program (described 
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Table 1. CW Calibrations 

Date SNR Power Range Shot Noise 
(dB) (W) (m) (dB) CAL Notes 

3 / 5/81 46 1.4 158 1.63 Visual Calibration 

4 /27/81 43 0.5 150 4 1.29 

10/14/81 45 1.4 159 2.03 

6 /22/82 44 0.9 159 1.64 Chart Recorder 

7 / 1/82 47 1.0 159 0.92 

9 /22/82 47 1.7 159 1.56 

10/22/82 45 1.0 159 1.45 

12/ 3/82 43 0.6 159 1.38 

3 / 1/83 44 0.6 159 1.10 

3 /10/83 47 0.9 159 0.82 Expanded LO 

3 /24/83 43 0.6 159 1.38 

3 /23/83 46 0.6 159 3.0 0.69 Thin Film Polarizer 

5 /23/83 45 0.5 161 3.0 0.71 

5 /26/83 46 0.6 161 3.0 0.67 

8 / 9/83 45 0.7 158 4.0 0.81 

9 / 7/83 46.6 0.8 139 3.0 1.05 

10/14/83 47.1 1.0 180 2.7 .75 

10/25/83 48.5 1.2 178 2.5 .71 

1 /31/84 47.7 0.8 159 2.8 .65 

3 / 5/84 48.0 0.8 160 2.9 .57 
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in the next chapter). Before expanding the LO heam and replacing the 

hare germanium T/R plate with a thin-film version, the CAL factor 

(correction factor) was 1.44 ± 0.31 (± 1.1 dB). After the improve

ments, it was 0.8 ± 0.22 (± 1.4 dB), for· a gain of 2.6 dB in system 

sensitivity. The overall accuracy of the processed data is believed to 

be ± 2 dB, based on variations in the Table I calibrations and 

variations in atmospheric absorption, discussed earlier. 



CHAPTER 4 

BETA PROGRAH 

In order to calculate backscattering coefficients with con

fidence from the recorded 1idar signals, an interactive processing 

routine called BETA has been written and refined over time by the can

didate. The program runs a NOAA Eclipse 250 minicomputer. The 

following is a brief description of the program, which is more 

thoroughly documented in a NOAA Technical Memorandum (Post et a1., 

1983). 

The 1idar's data-taking system digitizes an analog voltage ori

ginating on the heterodyne signal detector and records this si~na1 on 

9-track digital ma~netic tape. The digitizer, which was built by NOAA, 

has 8-bit resolution, a minimum sampling interval of 100 ns, and a 

sampling capacity (before dumping its buffer through the host NOVA 3 

minicomputer to tape) of 2048 consecutive points. The data are 

complex; that is, for each data point two numbers are recorded which 

are 90 0 out of phase. These two numbers are labeled Rand Q, and are 

said to be in quadrature because of their phase relationship. Signal 

power (in arbitrary units) is computed in the BETA program by taking 

the sum of the squares of Rand Q, hence this quantity is proportional 

to the signal current squared, which in turn is proportional to signal 

power. 
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The gain of the receiving chain of amplifiers and attenuators 

is adjusted to let shot noise (generaged by the local oscillator 

photons) dominate other system noise, but to keep the voltage level at 

the digitizer low enough to use only 2-3 bits rms. This minimizes 

digitization error on the noise and leaves 5 or 6 bits for the additive 

signal level. 

The BETA program simply solves the SNR equation developed in 

Chapter 3 for e as a function for range. To help it do this, the 

operator must enter all pertinent data, such as the SNR, range, CW 

power, and shot noise of the most applicable CW calibration, the lidar 

altitude, the most relevant atmospheric absorption model, the elec-

tronic bandwidth, the per pulse energy (as measured for that run), and 

the elevation angle of the lidar beam. All this information is 

available on the data sheet accompanying the digital signal tape. In 

addition, the operator specifies the beginning and ending ranges of 

interest and the file and record numbers to process. 

It is worthy to note that while the standard deviation of the 

-1/2 white system noise power decreases as N (N is the number of pulses 

or records averaged), the signal power fluctuations do not decrease 

this rapidly with N. The reason for the less rapid signal fluctuation 

decrease is long term correlations in the signals due to the advection 

of turbulent edrlies of aerosols of various sizes through the stationary 

lidar beam. Hence the mean signal levels for a particular range gate 

is not independent of time, although the shot-to-shot fluctuaticns do 

exhibit the expected Rayleigh phasor (speckle) properties. 
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Samples of the interactive outputs from the program are shown 

in Figs. 15 through 19. If the operator depresses switch ~ on the 

front panel of the computer, the next single-pulse profile of raw 

signal plus noise power vs. altitude is plotted, as in Fig. 15. After 

all recorrls are processerl a plot of the average power in each record 

vs. record number (or time) is plotted (Fig. 16). Immediately the 

operator can see whether or not the data are good; surlden, non-random 

changes on this plot indicate system problems (losing lock, LO satura

tion, or after-pulsing) or atmospheric problems (clouds drifting in and 

out). If necessary, at this point he can reposition the tape and 

choose a better-behaved subset of the data. 

If all appears in order, the next plot is requested (Fig. 17), 

which is the raw signal plus noise power vs. altitude, averaged over 

all the pulses or records processed. Again problems should be imme

diately obvious--cirrus contamination, noise spikes, etc. The end of 

the data at high altitudes contains no signals and should dis~lay a 

constant mean value with fluctuations reduced according to the N- 1/ 2 

law. Typically a hard coPy is made of this plot, both for documenting 

the data run and to help the operator choose a "noise window". The 

operator may also print out the raw data if he so desires. 

Next he must choose the "noise window"--that altitude region of 

the raw data which contains no signal or extraneous noise, by his 

judgment. Choosing this window is one of the most critical steps in 
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calculating 8's) for a slight error in the mean noise level (as deter-

mined by the window) translates into large errors in 8 at high altitu-

des. All the data points from the average raw profile which lie within 

the window are analyzed to find the mean noise and the standard 

deviation of the noise. (An historical note: When the lidar was first 

built) the mean noise versus ti~e (or range) was not constant. A 

stored, average noise profile had to be scaled to match the noise level 

in the window, and it was then subtracted from the raw data profile to 

recover the signal. After an amplifier was upgraded the noise became 

constant in time and range, and this tedious process was eliminated). 

The operator next enters the altitude increment over which the 

raw data is averaged. He normally chooses 0.3 km to match the resolu-

tion inherent in the 2 ~s long transmitted pulse, or 1.0 km for 

archiving the processed data. From the mean noise N in the window) its 

standard deviation aN) and the altitude increment over which the data 

are averaged) the program calculates a "quality factor" which the 

signal within the increment must exceed. If the noise window contains 

Iw points and the altitude averaging interval contains In points, and 

it is assumed that the uncertainty a in a mean power level is reduced 

-1/2 -by 1 when averaging over 1 points) then to detect a mean signal S 

above mean noise N (where each is averaged over IB and lw points, re

spectively) we require S = (s:+:N) - N to be greater than aN (I B- 1/2 
+ 

1 -1/2) w • The quality factor Q is defined to be SiaN. Therefore Q must 
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-1/2 -1/2 
be greater than (I B + lw ) for the observed data to be con-

sidered valid. The confidence level here is 84%, since only 16% of the 

time will normally distributed random noise exhibit a mean value more 

than one standard deviation from its true mean. (While shot noise 

power is Poisson-distributed, the average noise power is normally-

distributed, by the Central Limit theorem.) In addition to eliminating 

questionahle e points through use of the quality factor, no isolated S 

points are accepted, thereby eliminating other possibly erroneous data. 

The noisy character of the data is not altogether useless, 

however. If the lidar telescope is blocked, no signal is transmitted 

or received, and the recorded data is white shot noise. If this data 

is processed normally, it is found that indeed about 16% of the range 

gates erroneously appear to have valid data. The general shape of many 

superimposed plots of this type are indicative of the system sen

sitivity profile, empirically determined. Figure 18 displays the sen-

sitivity plots for the indicated parameters for the NOAA system, 

including processing. These plots must be born in mind before 

accepting a S profile (see Fig. 19) for inclusion in the set of 

archived S profiles. If the processed e profile displays points 

falling above or to the left of the sensitivity curve, or has points 

generally following it, the profile is suspect and is not archived. 
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If a S profile meets all the criteria for archiving. it is 

included in the archived set. When. archived, the raw SNR's, the qua

lity factors. and the S values are recorded as a single record on a 

disc file labeled "ARCH", together with many "housekeeping" factors 

such as date. time, noise window, absorption model, and lidar altitude. 

Only profiles positioned with averaging intervals of 1 km length cen

tered on even kilometers above sea'level are permitted. 

For this study, over 600 such profiles were archived. After 

viewing the profiles as a group and noting irregularities and hunching 

of the data in time. the candidate chose to work with a smaller subset 

of the archived profiles. Thus only profiles of high quality and sta

tistical independence (at least 12 hours apart in time) were copied 

into file "SUPARCH." The altitude of the first cloud returns were also 

noted for each profile, where applicable. Thus "clear atmosphere" data 

could be included up to cloud base altitudes, and higher altitude data 

(possibly contaminated or attenuated by clouds) could be eliminated. 

"SUPARCH-" contained 252 profiles (spanning a three year period) for 

this study. 



CHAPTER 5 

DATA ANALYSIS 

The procedures described in the previous chapters were used to 

acquire a large number of calibrated vertical backscattering (S) pro

files over a three year period (May 1981 through May 1984). While data 

taking continues, only profiles for this period will be considered in 

the analysis which follows. The candidate initiated the long-term 

effort of collecting the backscattering data, and was either present 

for or supervised the taking of all the data and associated calibra

tions. 

Two hundred-fifty-two S profiles taken near the Boulder-Denver 

area were selected from over six hundred total profiles. These consti

tute the archived set, and were chosen on the basis of being statisti

cally independent (separated in time by at least 12 hours) and of high 

quality. The selection on the basis of quality was done subjectively 

by the candidate after carefully examining each raw data profile, its 

noise characteristics and recent calibrations, and after determining 

the absence of even incipient clouds. If a well-defined cirrus cloud 

boundary was visible in the data and the profile was otherwise accep

table, the data were included but the maximum altitude without back

scatter from clouds was noted for that profile. In the subsequent 

analysis all data above the maximum altitudes (so noted) were excluded. 
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Because the majority of the profiles were taken under clear or mostly 

sunny conditions, the data are possibly biased towards backscattering 

associated with such weather, if differences actually occur for other 

conditions. Certain lengthy periods are missing from the set because 

of field trips when the lidar was not in the Boulder-Denver area. All 

profiles in the set have a resolution of 1 km -- that is, the S value 

given at each even kilometer above sea level is the linear average of a 

values in the 1 km interval centered at that altitude. 

The set is unique in several respects. The data is the first 

of its kind and quality at A = 10.6 pm, the average density is high 

(one profile per 4.4 days), the continuity in time is adequate, and the 

set fortuitously includes data before and after one of the major 

atmospheric optic events of recent time -- the eruption of the EI 

Chichon volcano in late March and early April of 1982. 

Monthly Averages 

Perhaps the questions most frequently asked by systems analysts 

or aerosol modelers are "What is the backscattering profile?" and "How 

does it change with time and location?" Therefore, a very useful quan

tity which can be computed from the archived set are seasonally

averaged a profiles. These are shown in Figs. 20, 21, 22, and 23 and 

apply to the Boulder-Denver area (a continental environment). These 

profiles are the first of their kind formed from a statistically large 

experimental set, and help answer some of the modelers' questions. 
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lfuile forming the averages, it was discovered that the distri-

butions of backscattering coefficient values at a given altitude were 

not uniformly or normally distributed but were, in general, log-

normally distributed (the logarithms of the values were normally dis-

tributed). Thus, to calculate a more representative mean value, geo-

metric rather than linear averaging was employed. That is, the averag-

ing was performed on the logarithms of the 8 values, and the anti-

logarithm of the mean logarithm defined the mean value. Mathemat-

ically, for a given altitude of index m, 

where K and L are the beginning and ending day numbers, respectively, 

containing the season of interest, 

and N is the total number of sampL,s of 8im obtained during 

the season. 

If no observation was made for a particular day i, loglO 8im is set to 

zero. For the aerosol data analyzed here this process typically 

resulted in a mean value which was a factor of 2.5 (or 4.0 dB) lower 

than the value computed linearly. The origin of the lognormal pro-

perty of 8 at a given altitude lies in the character of long-term 

mixing in the atmosphere, and will be addressed in the next chapter. 

By comparing seasonal averages for different years, one sees no 

general trend. The large 8 values for Spring, 1982, near the tropo-

pause may be due to purging from the stratosphere of debris from the 
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tit. St. Helens volcano, which erupted on May 18, 1980. The El Chichon 

stratospheric "cloud" first appeared in Boulder in Fall, 1982, and 

settled to the tropopause in Spring, 1983, ridinr, atop it thereafter 

while it apparently purged into the tropsphere. The purging of 

material from the stratosphere into the troposphere has not been 

observed heretofore with the kind of detail inherent in this data set; 

it offers a unique opportunity for studying the stratosphere/tropo-

sphere interchange process in important new ways. 

The El Chichon Event ----

While the seasonal averages of Figs. 20, 21, 22, and 23 show 

the general time history of the E1 Chichon "cloud" as seen from 

Boulder, a more detailed analysis reveals other interesting features. 

For instance, the peak value of the stratospheric backscattering vs. 

time can he plotted, or the altitude at which this peak occurred. Such 

plots appear extremely noisy, however, because of the large day-to-day 

variahility of the cloud (it is not homogeneous in space or time). By 

applying to the data a sliding filter of variahle length in days, these 

plots begin to take on more meaning. Figures 24 and 25 show examples 

of such filtering; semi-annual and annual cycles are present in hoth. 

(See the last section of this chapter for a mathematical description of 

the filtering process.) 

Additionally, one may integrate the backscattering values 

throughout the stratosphere for each profile and plot the integrated 
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result vs. time, as shown in Fig. 26. E-folding time is 208 days. 

This plot also displays a semi-annual cycle, but it is 180 0 out of 

phase with the peak altitude data. A closer look at the individual 

profiles for these times (Spring) indicates that exchange of debris may 

be taking place from the stratosphere to the troposphere. The bulk of 

the cloud appears above the tropopause, and the S values below the tro

popause are abnormally high in comparison to other seasons (see Figs. 

20, 21, 22, and 23). 

By computing backscatter and extinction coefficients for size 

distributions observed by Hoffman and Rosen (1983) and Knollenberg and 

Huffman (1983) for the same time period, the ratio of extinction to 

backscatter can be constructed, as well as a single coefficient 

relating total column mass to integrated backscatter for an entire pro

file, all as a function of time. Such factors will be developed and 

applied to the observed backscattering data in Chapter 6. 

Distribution ££~yalues 

As mentioned earlier in this chapter, while forming averages of 

S at a given altitude, the distribution of S values was noticed to be 

skewed towards lower values, and a tedious hand ploting of one distri

bution on a cumulative probability format strongly hinted that the 

logarithm of S might be normally distributed. Subsequent programming 

allowed the same plot to be made for any altitude for any subset of the 

archived profiles. An example of this technique is Fig. 27 t for 8 km 
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altitude, summer 1981. Hhile nearly all such plots subjectively 

resembled the straight lines characteristic of lognormal distributions, 

there were significant departures -- perhaps random in origin or 

perhaps symptomatic of other distributions. To help decide quan-

titatively whether or not a given distribution is lognormal, a chi-

squared test (Frieden, 1983) was performed on the data. That is 

where k 

L 

2 
X 

k 

I 
i=1 

# of equally wide bins in the range of S values 

into which the data points are sorted, 

th # of data points in the i bin, 

total # of data points, 

probability of a single data point falling into 

the ith bin. predicted from the assumed con-

tinuous probability law by integrating the 

probability density between the bounds of the 

bin. 

In this case, the continuous probability density function for a lognor

mal distribution of mean D and variance cr 2 is 

1 ? 2 
p(x) = --2 exp [- (x-D)- /2cr ] 

2ncr 

where 

and dx = (log e) ~ = 0.434 ~S • 
10 e I-' 
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J p(x)dx 1. 

For bin i bounded by Bi and Si+1' 

p. 
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10gBi +1 
f p(x)dx 

logB
i 
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The quantity (k-1) is the degrees of freedom for the test, commonly 

called v. By comparing X2 so computed with tabulations of X2 for the 

same value of v, one can quantitatively state at what level of con-

fidence the tested distribution of data points comes from the assumed 

distribution. For instance, if X2 = 5.9 for 30 data points sorted into 

10 bins, v = 9. 2 From a X table, such as one found in Crow, Davis, and 

Maxfield (1960), one sees that 75% of the time a set of samples with 

this (or lower) X2 will have been selected from the tested distribu-

tion. 
2 Only 25% of the time will a set with such a X have come from a 

different distribution but have had its sample points fortuitously 

2 selected to yield such a low X • 

The confidence level for distributions such as Fig. 27, which 

appears to be very lognormal, is actually only 50% or so, using the 

chi-squared test described above. That is, the value of X2 is unexpec-

tedly high. The explanation lies in the low number of data samples (L 

is typically in the ran~e of 20-30 for seasonal averages). As Crow, 

Davis, and Maxfield (1960) point out, at least 5 data points need to 

fall into each bin, and L should be well over 100. Otherwise, the 

sparcity of sampling artifically raises X2, because the LP
i 

(the 
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expected number of points for bin i) typically are non-integer values, 

whereas only integer values can be assumed by the ni • For low values 

of LPi such roundoff errors raise X2 significantly even for "perfect" 

sets of sample' points, whereas for large values of LPi , the percentage 

errors are negligible. 

To quantify how the sparcity of points affects X2 for the ran-

dam selection of a similar number of points from known distributions, a 

technique given by Frieden (1982) was employed to computer-generate 

samples from both normal and lognormal distributions. Table II shows 

that for 100 different sets of samples (each began with a different 

random seed number) for each' combination of distribution, number of 

2 bins, and number of sample points, the average X was about equal to v 

for samples coming from the test distribution. For these cases the 

standard deviation of X2 was about 35% of X2• When a normal distribu

tion was tested for lognormality, X2 was typically 1.5 times v, with a 

standard deviation of 25%. Figure 28 shows the typical upward convex 

shape and high X2 for a normal distribution plotted on the cumulative 

probability format. Thus, one can easily distinguish between normal 

and lognormal distributions even for limited samples, both visually and 

quantitatively. Even more reassuring is the fact that confidence 

levels for the computer-generated lognormal samples were lower than 

those for the atmospheric samples, being in the range of 40%. 

When data are plotted on the cumulative probability format, a 

least-squares routine is used to provide the best fitting straight 
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Table 2. 2 Statistics for Small Sample Sets X 

II /I 
Distribution Samples/set Sets </> 2 v a 2 <v/X > 

X 

Log-normal 30 10 29 31.25 9.24 1.02 

Log-normal 30 100 29 32.42 8.58 0.97 

Log-normal 30 10 11 11. 76 3.90 1.12 

Log-normal 30 100 11 11.87 5.22 1.20 

Log-normal 20 10 19 23.31 8.57 0.94 

Log-normal 20 100 19 22.39 6.30 0.94 

Log-normal 20 10 6 7.65 4.89 1.68 

Log-normal 20 100 6 7.60 5.15 1.40 

Normal 30 10 29 47.59 23.01 0.75 

Normal 30 100 29 45.75 16.65 0.73 

Normal 30 10 11 22.20 12.67 0.66 

Normal 30 100 11 20.13 9.82 0.74 

Normal 20 10 19 26.66 5.76 0.78 

Normal 20 100 19 26.99 10.90 0.82 

Normal 20 10 6 11.01 3.69 0.69 

Normal 20 100 6 10.45 5.91 0.85 

Notes: 1) /I bins used = v+1 

2) Test distribution was lognormal with best straight-line 
fit to sample set on log-probability format 

3) Different random seed was used for each set 
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line. From this line, one can easily deduce the mean (D) and the stan

dard deviation (0) of the corresponding lognormal distribution. For a 

normal distribution, the mean occurs when 50% of the data are both 

above and below it in value, so the value of the line's ordinate at the 

midpoint of the abscissa is the mean logarithm of S. Also, for a nor

mal distribution, 16% of the distribution's sampled values fall below 

(D-o) so 0 is found by subtracting the ordinate for the 16% abscissa 

value from the midpoint ordinate. The values of D and 0 are then used 

as the parameters of the lognormal distribution when performing the 

chi-squared test on the data. 

The plots are useful in other ways. The slope of the plot 

indicates the data's degree of variability (standard deviation or 

variance), while the spread in ordinate values gives the total range of 

observed backscattering values. Additionally, one may quickly answer 

the question "What percentage of the time can I expect S to be above or 

below a given value at this altitude?" by choosing the value and noting 

the corresponding percentage on the abscissa. 

The cumulative probability plots of the data for each season of 

each year for each altitude from 4 to 25 km have been produced, along 

with the computed X2 and v values (similar to Fig. 27). Trends become 

apparent. Low altitude sets like Fig. 29 are less lognormal and more 

normal in character, si~nifying better atmospheric mixing or many 

source regions, as will be explained in Chapter 6. Stratospheric alti

tudes display highly lognormal character with lower standard deviations 

(smaller ranges of extrema), as in Fig. 30. High tropospheric sets, 
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such as Fig. 31, are most disturbed and display the largest standard 

deviations. Chapter 6, in part, will address the origins of these sta

tistical properties of the backscatter coefficient. 

Time Sequences 

The method of filtering day-to-day backscatter with running 

filters of arbitrary length was first applied to stratospheric data in 

an earlier section of this chapter. The same technique can he applied 

to tropospheric data at a given altitude to help smooth over the 

variations introduced by random sampling of lognormal distributions, 

and to emphasize atmospheric changes that take place 0n time scales 

equal to the filter length or longer. 

The technique consists of geometrically averaging all the S 

values for a chosen altitude which occur within the specified period 

(filter length). The average S value so computed is associated with 

the day at the midpoint of the period. The filter is then incremented 

positively one day and all the S values included in the new period are 

averaged and associated with the ne\~ midpoint (which is one day 

advanced from the first midpoint) and so on to the end of the overall 

time period under consideration. The results may be graphed vs. day 

number, with day one being January 1, 1981. Also, a minimum number of 

S values within the filtering interval may be set before a "valid" out

put is produced. 
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Mathematically, the average S (or any other quantity) for the 

midpoint of a time filter may be denoted as SM. Then 

-1 K+L 
8M 10g10 [( I 10glOBi )/N] 

i=K 

where L filter length in days 

M K + L/2 

N number of samples of Si between days 

i=K and i = K+L. 

For a time interval beginning on day number A and ending on day number 

B, K is an index that begins at A - L/2 and ends at B + L/2. The 

average indicated above is performed (B - A + 1) times, producing 

(B - A + 1) estimates of ~, with K incremented by one for each esti-

mate. 

Plots were made for each altitude from 5 to 15 km and for 

periods as short as 3 months (one season) and as long as 2 years, each 

for filter lengths of 5, 10, and 30 days. The minimum acceptable 

number of samples in the filter interval were 1, 2, and 5 respectively, 

for these filter lengths. Several of the more interesting results are 

shown in Figs. 32 and 33. Several events in each of the figures take 

place on similar time scales, perhaps indicating a recurring 

atmospheric process. 

Longer filter lengths (100 days, 20 minimum samples) show pro-

cesses which take place on seasonal time scales. By stacking the time 

series for a large range of altitudes, as in Fig. 34, one begins to see 
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relationships between altitune regimes. These relationships will he 

addressed in Chapter 6. 
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CHAPTER 6 

DATA INTERPRETATION 

The analyzed data offer tantalizing clues to many meteorologi

cal processes. ~or instance, the cause of the temporal variations of B 

at a fixen altitude may be changes in size iistribution, synoptic scale 

transport (springtime enhancements in North America may have its origin 

in Gobi dust storms), convective injection or downward mixing. With 

this set of data one could determine how these processes change with 

altitude, ann correlate specific B-enhancing (or depleting) events with 

air mass types or frontal passages. While many of these relationships 

will be investigated in the future, the remainder of this dissertation 

will deal with the most outstanding feature of the data--the appearance 

and dissipation of the El Chichon "cloud," which is certainly the domi

nant atmospheric optical event of the decade, and perhaps the best 

documented one of the century. Except for a short detour to explain 

the lognormal property of the data, then, this chapter will interpret 

the data during the year following the eruptions of EI Chichon in late 

March and early April of 1982 for it's insights into the mechanisms of 

stratospheric-tropospheric exchange. 
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Ori~in £t the Lognormal Property 

The infrared backscattering studied here arises entirely from 

air-borne particulates, generally of unknown size distribution, and 

hence of unknown scattering efficiency. Therefore, deriving the 

distribution of a values at first appears to be a difficult task at 

best. However, by following an example from Aitchison and Brown (1957) 

used in economics, the lognormal property appears plausible for any 

size distribution. 

Consider that the a values detected at a given altitude ultima-

tely arise from a single source of a, perhaps the Earth's surface, a 

volcano, or an elevated cloud. The value of backscattering in this 

source region is a random variable of value e. In the process of 
o 

mixing from the source to the sensed volume, e diffuses in a series 
o 

of n steps, reaching a final value of e when detected. For each step 
n 

in the process it is reasonable to assume that the change in e is pro-

portional to the instantaneous value of a, as this is characteristic of 

processes of diffusion. The constant of proportionality, in general, 

is a negative random variable, having the value a. for step i. Mathe-
1 

matically, for 1 < i < n, 

or 

Then, summing over all n steps, 
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If the effect of each step in the process is small (i.e., ~Bi is small 

for all i) and n is large, 

n 

I 
i=1 

f3 
n dB 

J -
B B 

o 

10gB - logS • 
n 0 

C!. By the Central Limit Theorem, 
n 

10gB is normally distributed, being the sum of many ranrlom variables. 
n 

Having this theoretical insight, one can speculate more reaso-

nably on data sets that depart from lognormality. If the B values 

sampled have contributions from several sources, the individual com-

ponents will be lognormally distributed, but the ensemble will not. 

Cumulative prohability plots that have S-shaped departures from 

straight-line fits such as Fig. 29 are showing a linear combination of 

two lognormal distributions (different means and/or standard 

deviations), hence two sources or air mass types. Indeed, the time 

sequence plot of the data used for Fig. 29 does divide nicely into two 

regimes, each of which is lognormal. These S-shaped, two-source curves 

appear most often in the 6-8 km altitude interval. Lower altitudes 

that appear normally distrihuted are probably composed of loe;normal 

distributions fr0m many source regions, approaching normality through 

the Central Limit Theorem. Figure 35 shows a typical property of the 

data, namely that arithmetic and geometric averaging for a seasonal 

profile produce approximately a 4 dB difference for altitudes above 7 
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km, a difference that decreases with altitude to zero in the boundary 

layer. This indicates single sources for the high air and increased 

source mixing for the lower air for this particular subset of oata. 

Time History 
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The seasonal averages of Fig.'s 21, 22 and 23 show the general 

time-altitude variation of the El Chichon cloud. Note that although 

the eruptions occurred in March and April of 1982, the cloud first 

appeared above Boulder in fall of 1982, and then at high altitudes 

(peak S is at 22 km). It then increased in density and wideneo in ver

tical extent as it lowered in altitude during the winter months. The 

spring of 1983 shows possible purging of the cloud from the stra

tosphere into the troposphere. This possibility is supported by Fig.'s 

24 and 25 where backscattering increases and the altitude of the peak S 

decreases in spring of 1983. In summer, fall, and winter of 1983 the 

cloud stabilizes at 17 km altitude and weakens. Tropopause heights 

during this period were computed from twice-daily National Weather 

Service soundings in Denver, Colorado, and plotted. They ranged from 9 

km altitude in the winter months to 12 km altitude in the Summer months 

(average), well below the bulk of the cloud. How, then, does the 

material from the cloud purge into the troposphere? In order to use 

the 10.6 ~m S data to help answer this question, one must first 

understand the relationship between S and the mass concentration of the 

volcanic cloud. A rudimentary understanding may be achieved by 

applying Mie theory to observations of particle size distributions and 

composition made hy aircraft. 
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Mie Calculations and Extrapolations 

As mentioned in Chapter 5, the size distribution data acquired 

by Knollenberg and Huffman (1983) over Denver (and elsewhere) were used 

to compute backscatter and extinction ~oefficients for both A 10.591 

~m and A = 0.6943 ~m (ruby laser fundamental). The refractaive indices 

used in these Mie calculations were m = 1.737 - i 0.273 (Palmer and 

Williams, 1975) and m = 1.45 = i 0.0 (Steele and Hamell, 1981) for the 

two wavelengths, respectively, assuming a 75%/25% solution of 

H2S04/H20, as indicated by Hofmann and Rosen (1983). Agreement between 

the calculated and measured 8's for the same time (mid-December 1982) 

was excellent, with the Mie-computed values being about 10% lower for 

all altitudes (15.3, 18.3, 20.8, and 21.4 km). The average ratio of 

ruby backscatter to CO2 backscatter for these four altitudes was com

puted from the Knollenberg data to be 0.017 ± 0.003. Later, in April 

1983, the average ratio for seven sets of measurements at the same 

altitudes made simultaneously with NOAA's ruby and CO2 lidars on seven 

different days (28 ratios) was 0.019 ± 0.006 for the same altitudes, 

indicating that ~ize distributions in this altitude interval had not 

changed appreciably. Although the balloon sampler data of Hofmann and 

Rosen does not have the size resolution required for accurate Mie 

calculations, their distributions predict a ratio of 0.020 ± 0.005 for 

similar time frames and altitudes. 
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These several cross-checks give credence to both observations 

ann computations, and permit one to confidently extend the S measure-

ments at A = 10.6 ~m to more physical quantities. For instance, Fig. 

26, which shows integrated backscatter for the stratosphere vs. time, 

may be converted to optical depth vs. time by multiplying the ordinate 

value by a factor of 80 (±19%), which is the ratio of extinction to 

backscatter calculaten from the Knollenberg distributions. Peak values 

-3 
of observed optical depth thus lie in the range of 1-2 x 10 »which is 

low when compared with the optical depths observed in the visible. 

For the observed size distributions, the ratio of mass loading 

to backscatter is nearly a constant and was computed to be 3.82 ± 0.57 

2 kg srlm for the Knollenberg data. Knowing the specific gravity of a 

75%-25% solution of H2S04 - H20 to be 1.67 (Handbook of Chemistry ann 

Physics, 52nd edition, p. F-7), which is 82% of S02 by weight, one can 

calculate the apparent hemispheric S02 mass loading for an assumed uni

-5 -1 
form integrated backscatter value of 10 sr (a value representative 

of the first few months following the appearance of the cloud). The 

hemispheric mass loading of S02 so calculated is 13.4 ± 2.0 metric 

megatonnes, which fortuitously agrees exactly with the estimate of 

Evans and Kerr (1983) using widely-spaced ground-based and air-borne 

Brewer spectrophotometer data. 

Perhaps more realistic than assuming hemispheric uniformity of 

integrated backscatter (Kent and McCormick, 1984, show hemispheric 

loading is anything but uniform) is to compute the equivalent column 

mass. Again, since the ratio of mass loading to backscatter for 
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2 December of 1982 was 3.82 kg srlm on average, the column mass is 

directly related to integrated backscatter by the same factor. For an 

integraten S of 10- 5 -1 
the column mass of S02 is 5.2 ± 0.78 10-5 sr , x 

kg m 
-2 

which agrees reasonably well with a value of 3.9 10-5 
kg 

-2 , x m 

measured by Reiter, et ale (1983) over central Europe in December 

19R2, using ruby lidar. 

In summary, then, the infrared S measurements correspond clo-

sely with mass loading and may be used to trace vertically-integrated 

aspects of the cloud. The best straight-line fit to Fig. 26 indicates 

an e-folding time of 208 days for stratospherically-integrated back-

scatter, and hence mass loading. 

However, by using 1.0 ~m extinction measurements by the SAGE 

satellite (Kent and McCormick, 1984), even more can be said. Both the 

Mt. St. Helens and the El Chichon events had similar time constants in 

the extinction data, once the clouds homogenized latitudinally. This 

means either that size distributions at all altitudes did not change 

significantly with time (an unlikely hypothesis in light of known dif-

ferential particle settling), or that the total population of sizes in 

the stratosphere remained constant while the distribution of sizes at 

various altitudes changed (more likely the case). Otherwise 1.0 ~m and 

10.6 ~m e-folding times would have differed. Thus the total population 

of droplet sizes most likely was approximately constant, although dif-

ferential settling probably occurred. 
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Terminal Velocity and its Implications 

Such short mass loading time constants cannot be explaineo by 

droplet settling alone. For the size distributions measured by 

Knollenberg and Huffman (1983), the dominant contributors to B at \ = 

10.6 ~m are droplets of radius 0.6-0.8 ~m. The terminal fall velocity 

VT of these droplets may be calculated using a relationship developed 

by Rogers (1976): 

,,,here r 

g 

and 

radius of spherical droplet (m) 

acceleration of gravity (m s-1) 

-3 
density of the droplet (kg m 

density of the ambient air (kg m- 3) 

-1 
dynamic viscosity of the ambient air (kg m ). 

The dynamic viscosity is als0 given by Rogers as a function of tem-

perature T (OK) alone in MRS units: 

-5 (393 )( T )3/2 ~(T) = 1.72 x 10 T+120 273 • 

But T ~ 216°K from 13 to 18 km altitude (Valley, 1968), so it is easy 

to estimate the fall velocity of 0;7 ~m radius sulphuric acid droplets 

(P
L 

1.67 kg/,O to be 1.25 x 10- 4 m s-1 or 0.125 rom s-1. 

Such droplets would take 92.6 days to fall 1 km. Yet, both the 

seasonal averages (Figs. 21, 22 and 23) and Fig. 25 (altitude of peak 

backscatter) show downward movement of the cloud in the stratosphere at 
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much faster rates. The appearance of increased backscatter in the tro

posphere at the same time the stratospheric cloud moves downward 

suggests stratospheric to troposphere exchange from well above the tro

popause to well below it. The data therefore document, perhaps for the 

first time quantitatively, a dynamic exchange for stratospheric purging 

of volcanic clouds from at least 5 km above the tropopause to at least 

4 km below it. A later section of this chapter will present evidence 

for tropopause folding to explain this dynamic exchange. 

Time-Altitude Relationships 

First, however, rates for the downward purging may be deter

mined. It may be seen in Figs. 21 through 23 and in Fig. 34 that the 

period of January through August 1982 was nearly a "background" period 

for volcanically-induced backscattering in the Boulder-Denver area. In 

. contrast, January through August 1983 witnessed large increases in 

backscattering due to effects from the El Chichon eruption. By sub

tracting 30-day filtered ~ values for the 1982 period from correspond

ing ~ values in 1983, one would hope to visualize these effects more 

clearly. Figure 36 plots the altitude-stacked differences, clearly 

showing the falling of the cloud through the troposphere. (~'s for 

February 1982, were higher than 1983 values, resulting in a l-roonth 

hole in these plots.) Difference plots for higher altitudes are not 

available since ~ values in 1982 were below the system sensitivity 

(Fig. 18), but the stacked time sequences of Fig. 34 essentially show 

similar effects at the higher altitudes occurring earlier in time. 
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To quantify the ohserved fall velocities, the first moment of 

the time history plot for each altitude from 11 to 20 km is calculated, 

indicating rou~hly when backscattering peaks at a given altitude. Vor 

the lower altitudes a similar calculation is performed in the dif

ference data of Fig. 36. Figure 37 plots the time-altitude rela

tionship for this first moment. By simultaneously plotting on Fig. 37 

the vertically-integrated backscatter due solely to volcanic fallout 

(i.e., using Fig. 36 for tropospheric and Fig. 34 for stratospheric 

returns), one can visualize not only when the cloud passed through a 

particular altitude, but also at what rate and in association with what 

altitude purging occurred. (This plot of integrated B differs from 

Fig. 26 because it includes tropospheric fallout.) Also shown for 

contrast is the settling rate calculated for droplets of 0.7 ~m 

radius, emphasizing again that the processes observed are indeed dyna

mic ones and cannot be explained by settling alone. 

The interpretations of Fig. 37 is straightforward. Mass load

ing for the atmosphere as a whole remains nearly constant until the end 

of May. (The artificial decrease in integrated backscatter in February 

is due to a similar data fallout in Fig. 36. This fallout was intro

duced artificially by assuming 1982 was a "background" year, although 

the backscatter in February 1982 was uncharacteristically high.) Thus, 

although debris is being removed from the stratosphere with a 208-day 

time constant (see Fig. 26, and the surrounding discussion), it remains 

in the troposphere until the "cloud" first reaches an altitude of ahout 
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6 km at the end of May. Apparently at this altitude scrubbing mecha

nisms come into play, efficiently removing debris to the surface with 

an observed 60-day time constant (deduced from the slope of the 

June-September data). Notice from the first moment plot that the 

region from 16 to 8 km displays the fastest downward motion. This is 

the same region affected by tropospheric folding, again supporting the 

hypothesis that this mechanism is a major factor in stratosphere

troposphere exchange. 

Tropopause Folding Events 

Since tropopause folding hypothetically explains the downward 

mixing of stratospheric debris into the troposphere, one would hope to 

have captured evidence of at least one such event in the data. By 

looking at sequential raw data profiles for the January through June 

period in 1983, one can easily identify a number of days that exhibit 

sudden enhancements of mid- and upper-tropospheric S values, namely 

January 19, February 2, 17 and 28, March 10 and 29, April 9, 15, 25, 

and May 4, 7 and 18. A cross-check of daily 500 mb pressure maps on 

microfiche shows the jet stream positioned properly (namely, with 

Colorado in the region of maximum potential temperature gradient to the 

souch and west of an upper level trough - see Shapiro, 1982) on 9 of 

the 12 days to explain the B enhancements by possible folding events. 

The remaining cases may be due to folding which occurred elsewh~re, 

with subsequent advection of debris into the Boulder-Denver area. 
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Unfortunately, testing such speculation requires trajectory analysis, 

which is beyond the scope of this work, but the large correlation noted 

above once again strongly supports the folding hypothesis. 

Summary 

The purpose of this chapter has been to interpret the obser

vations of backscattering caused by the eruptions of El Chichon. By 

making Mie calculations of several in situ measurements of size distri

bution of the volcanic debris and relating these calculations to other 

measurements of the "cloud" made over extended periods of time, it 

became apparent that vertically-integrated backscatter at A = 10.6 ~m 

was a good estimate of mass loading properties over similar time fra

mes. The observed fall velocity of the volcanic cloud in the stra

tosphere indicates that a dynamic process, hypothesized to be 

tropopause folding, was responsible for the downward transport of 

debris, not gravitational settling. By using 1982 as a background year 

for the troposphere, it was possible to quantitatively track the 

"cloud" falling through the troposphere in 1983. Total atmosphere mass 

loading remained nearly constant between January and late May 1985, 

when the "cloun" nominally reached 6 km altitude and scrubbing began 

removing debris, 420 days after the eruptions. The time constants 

which characterized removal of debris from the stratosphere and tro

posphere were 208 and 60 days, respectively. The hypothesis of tropo

pause folding to explain the downward transport from the stratosphere 
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into the troposphere is supported not only by the timing and morphology 

of the backscatter observations, but also by the coincidence of several 

S-enhancing events with weather systems that most likely included tro

popause folds. 
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