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Lidar and Balloon-Borne Cascade Impactor 
Measurements of Aerosols: A Case Study 

J. A. Reagan, M. V. Apte, T. V. Bruhns* 
Department of Electrzcal and Computer Engzneerzng, Unzverszty of Anzona, Tucson, A Z  85721 

and 0. Youngbluth 
N A S A  Langley Research Center, Hampton, V A  23665 

Aerosol size distributions, elemental components, com- 
plex refractive indices, extinction profiles and extinction- 
to-backscatter ratios have been measured and inferred 
from balloon-borne cascade impactor and lidar observa- 
tions made during a cooperative joint experiment con- 
ducted during the period 4-10 April, 1980 in Tucson, 
AZ. Size distributions obtained from quartz crystal mi- 
crobalance (QCM) cascade impactor measurements at 
different heights (1 to 1000 m) and times over a period of 
several days were fairly similar in form, being clearly 
bimodal in their mass distributions with the coarse par- 
ticle mode being dominant. Electron microscope and 
energy dispersive X-ray analyses of particles deposited 
on the QCM stages over the particle radii range 

- 0.5-4.0 ym revealed that the particle samples were 
elementally dominated by both sulfur and crustal type 
(Al, Ca, Mg and Si) elements. Complex refractive index 
estimates for a wavelength of 649 nm were obtained by 
comparing the lidar inferred aerosol extinction-to-back- 
scatter ratios with theoretically computed values calcu- 
lated for the impactor-derived size distributions. The real 
part of the index was estimated to be 1.45 for most cases, 
while the estimates for the imaginary part ranged be- 
tween 0.000 and 0.01. Aerosol extinction coefficients 
calculated for the impactor-derived size distributions were 
found to be somewhat smaller but in fair agreement with 
the extinction coefficients retrieved from the lidar mea- 
surements. 

INTRODUCTION 

Considerable effort in recent years has been 
devoted to the determination of various 
atmospheric aerosol optical parameters 
such as extinction, backscatter, scattering 
phase function and single-scattering albedo. 
Knowledge of the magnitude and variability 
of these parameters is critical to an under- 
standing of the influence of aerosols on the 
radiative transfer of visible and IR radiation 
withn the earth-atmosphere system. Without 
such knowledge, it is difficult to establish 
meaningful aerosol environmental standards 
or to accurately predict how aerosols may 
effect visibility and climate. 

Efforts to determine atmospheric aerosol 
optical properties have included both the 

*Present afJiliation: Hewlett Packard-SID, Palo 
Alto. CA 94304. 

retrieval of optical parameters from optical 
transmission and scattering measurements 
and the computations of optical parameters 
from measurements of physical characteris- 
tics such as number density, size distribution, 
and particle composition. Either of these 
methods has its own peculiar problems, but 
if optical parameters are the desired end 
product, optical measurements seem to offer 
the most direct approach. Optical sensing 
techniques can also be applied remotely 
through the use of natural sunlight or optical 
sources such as lasers. Moreover, remote 
sensing techmques offer a viable means for 
accomplishing the extensive monitoring that 
would be required to adequately characterize 
the optical properties of aerosols over ex- 
tended regions of the earth. 

This paper is concerned with the applica- 
tion of laser radar or lidar for the retrieval of 
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aerosol extinction profiles, and the investiga- 
tion of related aerosol physical properties 
whch effect the lidar retrieval. Lidar mea- 
surements have been made near Tucson over 
the past three years in a study of the optical 
properties of atmospheric aerosols in arid 
regions. Vertical profiles of aerosol extinc- 
tion and the aerosol extinction to backscatter 
ratio, S,, have been determined for about 
100 days via the slant-path lidar technique 
(Spinhirne, Reagan, and Herman, 1980). 
Successful application of this technique re- 
quires aerosol backscatter to be approxi- 
mately horizontally homogeneous and S, to 
be constant with height over the retrieval 
height interval. Preliminary observations in- 
dicate that these requirements are sufficiently 
well met to permit extinction profile re- 
trievals in Tucson a good fraction of the time 
(Reagan et al., 1977; Spihrne ,  Reagan, and 
Herman, 1980). To further investigate the 
effects of various aerosol physical properties 
on this technique, the present study included 
intercomparison measurements made with a 
balloon-borne cascade impactor system, pro- 
vided through the cooperation of NASA's 
Langley Research Center. Attempts to con- 
duct the intercomparison experiment were 
twice thwarted by damage to the balloon 
system, but a very successful set of balloon 
and lidar observations were obtained in early 
April of 1980. The results of these observa- 
tions are presented in t h s  paper. 

INSTRUMENTATION AND 
SENSING TECHNIQUES 

Balloon-Borne Cascade Impactor 

The cascade impactor used for the experi- 
ment is a quartz crystal microbalance (QCM) 
cascade impactor (Chuan, 1975), model PC-2, 
manufactured by California Measurements, 
Sierra Madre, CA. The QCM consists of ten 
quartz crystal stages with 50% collection 
efficiency cutoff radii of 15, 7.5, 3.85, 2.1, 1.0, 
0.60, 0.23, 0.13, 0.08 and 0.03 pm for 
2 g/cm3-density spherical particles and a 
170 ml/min flow rate. Size separation is 

accomplished by drawing air in series through 
the ten stages. Each successive stage contains 
an inertial impactor jet of decreasing size. 
Aerosols whch impact on the quartz crystal 
of a given stage remain affixed to the crystal 
surface by natural adhesion or, in the case of 
large aerosols, with the aid of a thin, subrni- 
cron coating of Apiezon grease (by J. G. 
Biddle Co.) applied to the crystal surface. 
The crystals are easily removable from the 
QCM for either cleaning and reusage or re- 
tention and subsequent electron microscope 
analysis of their aerosol deposits. 

Each stage of the QCM includes a piezo- 
electric quartz crystal onto whch material is 
deposited from the impactor jet and a similar 
reference crystal shielded from the impactor 
jet. The resonant frequency of the exposed 
crystal decreases as aerosols accumulate on 
the crystal. By electronically measuring the 
change in frequency between the exposed 
and reference crystals, the mass accumula- 
tion of a stage can be monitored as a func- 
tion of time or total air volume (for a known 
flow rate). Thus, a mass size distribution may 
be determined by monitoring the frequency 
shfts of the different stages for a given time 
interval. The sensitivity of crystals is suffi- 
ciently hgh  (-  l o9  Hz/@ that quite small 
changes in mass ( -  10V9 g) can be readily 
detected. T h s  permits atmospheric distri- 
bution measurements to be made in rela- 
tively short times even though the flow rate 
through the impactor is relatively low. For 
example, a similar QCM has been flown on 
aircraft to measure aerosols from volcanic 
eruptions in both the troposphere and strato- 
sphere (Rose et al., 1980; Chuan et al., 1981; 
Woods and Chuan, 1982). 

The tethered balloon system used to carry 
the QCM aloft and record its output was 
developed at and provided by NASA's 
Langley Research Center (Owens et al., 1982). 
The balloon used with the system is a 100 
m3, helium-filled, class C, model TRF3D- 
3500, manufactured by Raven Industries, 
Sioux Falls, S.D. The balloon is moored by a 
tether cable to a motor-driven winch at the 
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ground station, whch includes the winch 
and a laboratory hut mounted on a flat-bed 
trailer and a fair-lead pulley anchored to the 
ground about 25 m from the trailer. The hut 
is equipped with a receiving antenna and 
associated electronics, a computer, and data 
recording gear to handle signals telemetered 
from the balloon instrumentation package to 
the ground station. The instrumentation 
package is suspended by cable about 15 m 
below the balloon. It includes the QCM plus 
the air pump and flow control valve, 
meteorological sensors for measuring pres- 
sure, temperature, humidity, wind speed and 
wind direction, and transmitting electronics 
for telemetering the measurements. The bal- 
loon and instrumentation package may be 
moved up or down as rapidly as 0.5 m/sec, 
and the maximum operational height is about 
1500 m AGL (above ground level). Due to 
Federal Aviation Agency restrictions, bal- 
loon soundings for the Tucson experiment 
were limited to daylight hours and a maxi- 
mum height of about 1000 m AGL. 

Monostatic Lidar 

Monostatic or backscatter lidar is analogous 
to pulsed microwave radar, except that lidar 
operates in the visible and near visible wave- 
length region. Pulsed lasers are used as 
transmitters, and telescope systems serve as 
receivers. Optical echoes received at any time 
t after firing the transmitter are related to 
backscattering at range r = ct/2 where c is 
the speed of light. 

The University of Arizona monostatic 
lidar system used for this experiment is 
equipped with a 1 J Q-switched ruby laser 
(wavelength of h = 694.3 nm) for the trans- 
mitter, and the receiver consists of a 20 cm 
diameter telescope and RCA 7265 photo- 
multiplier filtered by a 1.2-nm-wide pass- 
band. The photomultiplier output is 
conditioned by a gain-switchng amplifier 
(Spinhrne and Reagan, 1976), and digitized 
by a Biomation 805 transient recorder. The 
digitizer output is buffered through an Inter- 

data 7/16 minicomputer and stored on 8-inch 
floppy disks. The laser transmitter output 
energy is measured each laser shot by a 
digital energy monitor (Reagan et al., 1976), 
and the digitized energy value is stored on 
the floppy disks. The lidar transmitter/re- 
ceiver assembly is mounted on an altitude- 
azimuth positioning mount to allow the lidar 
to be pointed in any specified direction. Dig- 
ital outputs of the mount-pointing angles are 
also stored on the floppy disks. 

Lidar observations for this experiment 
consisted of several sets of slant-path mea- 
surements. The lidar was fired along a fixed 
azimuth at several slant or elevation angles 
ranging from vertically pointing down to an 
elevation angle 15" above the horizon. A 
complete slant-path run consisted of mea- 
surements at about 10 different slant angles 
and required 20-30 min to complete. About 
10 laser shots were taken at each slant angle 
to average out the shot noise present in 
individual lidar returns. Lidar operation was 
generally restricted to nighttime (just before 
sunrise or after sunset) because the skylight 
background typically added too much noise 
to lidar returns obtained during daylight 
hours. Thus, some time delay was necessarily 
incurred between the lidar observations and 
the balloon measurements. 

The atmospheric lidar response or return, 
V(r ), obtained for a given laser shot may be 
quantitatively described in terms of the lidar 
equation given by 

where V(r) is the instantaneous lidar re- 
sponse due to backscattering at range r, E, 
the transmitted pulse energy, P(r )  the volume 
backscattering coefficient at r, T(r) the one- 
way transmission to r, and K the lidar sys- 
tem calibration constant. The backscatter 
coefficient in Eq. (1) should actually be inter- 
preted as an average value over some incre- 
mental range Ar whch has a lower limit of 
half the laser pulse length but is typically 
larger as set by the frequency bandpass limi- 
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tations of the lidar amplifying and digitizing 
electronics. For the University of Arizona 
lidar, data are sampled at spatial increments 
of no less than 30 m because Ar for the 
system is about 30 m as set by the system 
electronics. 

The transmission, T(r), is related to the 
unit volume extinction coefficient, a (  r '), be- 
tween 0 and r by 

~ ( r )  = exp - Lra(r ') dr'. 

Thus, as can be seen from Eqs. (1) and (2), 
P(r )  and a ( r )  are the basic optical parame- 
ters of the atmosphere whch determine the 
nature of the lidar response. These parame- 
ters include contributions due to both molec- 
ular or Rayleigh scattering and aerosol or 
Mie scattering (the reader is referred to 
McCartney (1976) for additional information 
on atmospheric optical scattering and extinc- 
tion). The molecular contribution may be 
computed theoretically from the Rayleigh 
scattering law, but the aerosol contribution is 
an unknown, dependent on the aerosol par- 
ticles present in the atmosphere at the time 
of the observation. Although Mie scattering 
strictly applies to spheres, which all aerosol 
particles are obviously not, it is nonetheless a 
routinely employed technique to describe 
aerosol light scattering because it provides a 
tractable approach for computing scattering 
by aerosols. Fortunately, the equivalent 
spherical particle assumption has been found 
to yield apparently good agreement between 
theory and observation in many optical 
scattering experiments (Eiden, 1966; Ward 
et al., 1973; Grams et al., 1974; Reagan et 
al., 1977; Kmg et al., 1978; Reagan et al., 
1980). 

The lidar remote sensing problem is to 
retrieve the aerosol backscatter and extinc- 
tion coefficients, P,(r) and a,(r), from mea- 
surements of V ( r ) .  This poses an obvious 
dilemma as there are two unknowns, P,(r) 
and aa(r),  and only one measurement, V(r), 
at any range r. This difficulty may be over- 
come by imposing certain constraints on the 

problem. As shown by Fernald et al. (1972), 
if it is assumed that the aerosol extinction- 
to-backscatter ratio, or Sa ratio, S, = a,/P,, 
is constant over some height interval, the 
lidar equation may be solved to retrieve a,(r) 
over that interval. Assuming S, is constant 
with height requires that the shape of the 
aerosol size distribution and the aerosol par- 
ticle refractive index be height invariant. If 
the transmission is also known over the height 
interval, both the value of S, for the interval 
and aa(r )  at each point in the interval may 
be retrieved. The required transmission value 
may be obtained from lidar returns obtained 
at different slant angles if the atmosphere is 
reasonably horizontally homogeneous. Fur- 
thermore, by combining lidar returns ob- 
tained for several slant angles, it is possible 
to retrieve S,, aa(r )  and T(r) simulta- 
neously (Spinhirne et al., 1980). In this ap- 
proach, slant path lidar measurements are 
processed by a multiangle integral solution 
of the lidar equation to extract S, and verti- 
cal profiles a,(r), &(r)  and T(r). The solu- 
tion technique assumes Sa is constant with 
height through layers of aerosol optical 
thckness (is., integrated extinction) of about 
0.05 or greater, which corresponds to the 
entire atmospheric mixing layer for relatively 
clear conditions. Horizontal homogeneity is 
required, although horizontal variations in 
backscatter of 10%-20% at a given height 
can typically be tolerated without greatly 
effecting the solution procedure. This is the 
solution approach which was used to process 
the lidar observations made during the 
lidar/balloon experiments. 

RESULTS AND DISCUSSION 

General Conditions 

The joint lidar/balloon experiment was con- 
ducted over the period 4-10 April, 1980. 
Observations were made during each day of 
this period except 6 April. The balloon sys- 
tem was positioned adjacent to the lidar site 
on the University of Arizona Campbell 
Avenue Farm at the northern edge of Tuc- 
son. 
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Weather conditions during the experiment 
were generally mild and clear with only occa- 
sional high clouds. A slight warming trend 
occurred over the period with surface highs 
ranging between 78" and 86" F and lows 
between 45" and 52" F. Daily average surface 
dew points ranged between 21" and 29" F. 
Surface winds were light to breezy. Tucson 
was generally under the influence of high 
pressure systems during this period, but weak, 
dry cold fronts passed through on 5-6 April 
and 10 April. Even with the passage of these 
two rather mild disturbances, diurnal air 
temperature, dew point temperature and 
wind patterns remained much the same 
throughout the period. 

FIGURE 1. Mass size distributions derived from 
impactor measurements. 

Cascade Impactor Measurements 

Balloon-borne cascade impactor measure- 
ments were made at various times and over 
several different altitude ranges during the 
course of the experiment. A total of 13 bal- 
loon soundings were made over the seven 
day period, and all but two were successful. 
One run was lost due to the impactor air-flow 
valve not being opened before the balloon 
ascent, and the other due to improper reseat- 
ing of several of the QCM crystals which had 
been removed and cleaned after the previous 
run. The QCM crystals were either cleaned 
or turned over (either side of a crystal may 
be used for collection) after each run to 
provide a clean impaction surface for the 
next run. A few crystals from selected stages 
were also removed and stored for subsequent 
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FIGURE 2. Number density size distributions 
derived from impactor measurements. 

electron microscope analysis of their aerosol 
deposits. 

The mass size distributions obtained from 
the impactor measurements are given in Fig- 
ure 1, and the corresponding number density 
distributions are given in Figure 2. Informa- 
tion about the mass measurements is also 
given in Table 1. Mean mass and number 
density distributions, determined from all the 
distributions, are included in the figures for 
comparison. The distribution points are 
plotted at the geometric mean radii of the 
QCM stages. These radii are determined by 
the square root of the product of the 50% 
collection efficiency radii of adjacent stages. 
The log differentials, d log r = A log r ,  are de- 

termined by the difference in the logs of the 
50% collection efficiency radii of adjacent 
stages. The incremental number density, dN 
= AN, is determined by assuming the par- 
ticles contributing to the mass for a particu- 
lar stage are all at the geometric mean radius 
of that stage and have a density of 2 g/cm3. 
The points shown as solid symbols are for 
stages which gave spurious readings during a 
particular balloon run, but were determined 
from ground-based frequency cross-check 
measurements made on the QCM before and 
after a run. These measurements yielded dis- 
tributions of the same shape as the actual 
balloon flight measurements in almost every 
case, and thus appear valid for determining 
the lost points. However, it must be recog- 
nized that these inferred points are not the 
same as the actual balloon flight measure- 
ments. 
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TABLE 1. Impactor Mass Measurements 

Date and time 
of 

measurement 

4/4/80 
15:42 to 16:18 MST 
17:06 to 1822 MST 

4/5/80 
8:47 to 10:23 MST 
11:57 to 12:59 MST 

Total Coarse particle Accumulation 
mass modeu mass modeh mass Relative 

4/7/80 
8:18 to 9:03 MST 8.2 7.1 (86%) 
1 1 2 2  to 11:56 MST 13.0 10.0 (77%) 

4/8/80 
6:37 to 9:02 MST 8.4 6.0 (71%) 
11:34 to 12:05 MST 18.5 15.0 (81%) 

4/9/80 
8:35 to 9 2 4  MST 18.8 11.5 (61%) 
10:52 to 13:28 MST 14.9 10.3 (69%) 

4/10/80 
8:46 to 10:lR MST 21.0 18.9 (90%) 

-~ 

'Coarse particle mode mass determined by sum of masses on QCM stages for radil 0.5pm. 
"~ccumulation mode mass dctermined by sum of masses on QCM stages for radii < 0.5pm. 
'The relative humidity range for the height interval of the impactor measurements as determined from mcasuremcnts 

made with dry and wet bulb temperature sensors on the balloon system. 

Regarding the accuracy that can be at- 
tached to any of the distribution points, the 
QCM sensitivity is such that the smallest 
mass measurement included here should not 
be uncertain by more than about -t15%. 
Added errors due to the aerosols not being 
of density 2 g/cm3 or perfect spheres cannot 
be readily specified, but such effects can sig- 
nificantly alter the values of the radii as- 
sumed for the distribution points. We would 
be less than candid if we did not acknowl- 
edge that such effects could cause uncertain- 
ties in the effective number density deter- 
minations easily amounting to a factor of 
two. 

The shapes and significant features of the 
size distributions in Figures 1 and 2 are 
generally rather similar even though the mea- 
surements were made at different times and 
various altitude ranges over several days. The 

continuity, slope trends, etc. in the distribu- 
tions indicate few if any disparate points that 
might be regarded as significantly off or out 
of place. The mass distributions clearly re- 
veal both the large or coarse particle mode 
and the smaller accumulation mode. The 
coarse particle mode is consistently larger, 
although the relative amounts of mass in the 
two modes does vary somewhat between dif- 
ferent runs. This variation does not appear 
to be correlated with the total particle mass. 
The dominance of the coarse particle mode 
is revealed by the consistent lump in the 
number density distributions starting at 
about 0.4 pm in particle radius. The general 
shape of the number density distributions is 
quite similar to many of those we have ob- 
tained previously from both direct aircraft 
measurements (Reagan et al., 1977) and 
mathematical inversions of solar radiometer 



J. A. Reagan et al. 

spectral extinction and laser angular scatter- 
ing data (King et al., 1978; Reagan et al., 
1980). 

Electron Microscope Analysis 

Crystals from stages 6, 5 and 4 (geometric 
mean radii of 0.75, 1.42 and 2.69 pm, respec- 
tively) of the QCM were replaced after each 
day's balloon runs, and removed crystals were 
stored for later analysis by electron micro- 
scope. These stages all are in the coarse 
particle mode. They were selected pri- 
marily because they fall in the particle size 
range whlch typically contributes the greatest 
amount to the aerosol backscatter coefficient, 
pa. In retrospect, it would have been infor- 
mative to have also selected at least one 
crystal from the accumulation mode size 
range. 

Scanning electron microscope (SEM) 
analyses of the crystals retained from the 
experiment were performed both at NASA's 
Langley Research Center and at the Stanford 
Research Institute (courtesy of R. L. Chuan, 
Brunswick Corp.). In addition to obtaining 
SEM photomicrographs of the impacted par- 
ticles, the crystals were also subjected to 
energy dispersed X-ray (EDX) analysis to 
identify the elemental composition (for ele- 
ments with atomic number 11 and up) of the 
particles. 

Example SEM photographs of particles 
collected on some of the days during the 
experiment are given in Figure 3. The 
darkened areas are caused by particle shad- 
owing rather than any staining from the par- 
ticles. The photographs reveal that the 
particles are generally fairly uniform in size 
and within the size collection range ap- 
propriate to the QCM stage in question. 
Some particles appear too large or small for 
the stage they were collected on, presumably 
because of significant density or aerodynam- 
ics shape differences for these particles. 
Although the particles are generally non- 
spherical, the majority could be encircled by 
ellipses with major to minor axis ratios of 

two or less. Thus, most of the particles do 
not appear to be grossly nonspherical. 

Results of the EDX analysis performed at 
the Stanford Research Institute are given in 
Table 2. Scans were made of individual par- 
ticles collected on QCM stages 5 and 6 dur- 
ing the balloon run made on 10 April, 1980. 
The areas which were scanned on stage 6 are 
identified in the photograph gven in Figure 
4. Scan profiles for some of these areas are 
also included in the figure. The high inci- 
dence of A1 detection, and to a lesser extent 
Ca, Fe and Mg, suggests that the sampled 
particles are largely crustal in origin (Moyers 
et al., 1977). It is perhaps surprising that S 
was detected as frequently as Al. Sulfate 
particles are to be expected in the submicron 
accumulation mode (Whitby, 1978); they 
have been found to be a significant con- 
stituent of the fine particle population even 
in remote background areas of the world 
(Bigg, 1980; Cunningham and Zoller, 1981; 
Winchester et al., 1981). Previous aircraft 
aerosol measurements (Reagan et al., 1977) 
made around Tucson also revealed that the 
submicron particle samples were dominated 
by acid-sulfate particles. The S detected in 
the coarse mode particles collected during 
thls experiment can possibly be attributed to 
sulfur compounds forming on or attaching to 
the larger, crustal particles. A high incidence 
of Si is also to be expected in view of the 
desert location of the measurements and the 
high incidence of other crustal elements 
(Moyers et al., 1977; Pitchford et al., 1981). 
As shown in Table 2, Si was typically only 
present in trace amounts. However, this may 
be misleading because Si, Ag, Cr and Ni are 
all background elements contained in the 
QCM crystals or crystal contacts. Their 
background contribution must be subtracted 
to determine whether they are also present in 
a particle. When the background contribu- 
tion is particularly strong, as in the case of 
Si, it can be difficult to discern whether an 
element is really present. Thus, the trace 
indications for Si may actually correspond to 
more significant amounts of Si in the 
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3. Photomicrographs of particles col- 
lected on QCM stages: (a) QCM stage 5 for 
5 April 8:47-12:39 MST, (b) QCM stage 5 for 
7 April 11:22-11:56, (c) QCM stage 4 for 9 April 
10:52-13:28 MST, and (d) QCM stage 6 for 9 
April 16:24-19:OO MST. 

particles. The EDX scans made at NASA's 
Langley Research Center did not include 
background subtraction, so they cannot pro- 
vide an indication of Si. However, these scans 
did reveal the presence of Al, Ca, 
for all other days that impactor measure- 
ments were made. Thus, the results given in 
Table 2 appear to be fairly representative of 
the particles present on other days of the 
experiment. 

Aerosol extinction profiles obtained from the 
slant-path lidar measurements made during 
the experiment are given in Figures 5, 6 and 

I .  The heights are all AGL (above ground 
level), and the Rayleigh or molecular extinc- 
tion profile is included for comparison. Error 
bars (k one standard deviation) are in- 
cluded to indicate the estimated uncertainty 
of the extinction profile within the mixing 
layer. Table 3 lists the aerosol extinction to 
backscatter ratio, S,, mixing layer height, 
mixing layer optical depth and total optical 
depth (actually optical depth to a height of 
19.3 km) associated with each of the extinc- 
tion profiles. The majority of the extinction 
profile retrievals yielded fairly low extinction 
standard deviations (-  $- 15%) for the mix- 
ing layer, which is an indication that the 
requirements that horizontal homogeneity in 
/3, and S, be constant with height were rea- 
sonably well met (Spinhirne et al., 1980). The 
poorest accuracy ( - + 50%) was obtained 
for 5 April, whch is to be expected because 
of the very clean conditions indicated by the 
low mixing layer optical depth and total 
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. Summary of Elemental Analysis by EDX of Individual Particles on QCM Stages 
5 and 6 for Impactor Measurements on 10 Apnl, 1980, 8:46 to 10:18 MST 

Pomts scanned Pants  scanned 

Elements In stage 5" In s t a g  6" 

detccted A B C D E F A B C D E 

Ag P - P - P - P - P - T 
A1 P P P - P P P P - P P 
Ca P - P - P P T P P P - 

CI - - - - - - P - - - P 
Cr " T T T T T T T T T T T 
Fe - T T - T T - P - - - 

K - - - P - P - P - - - 

Mg P T T T T - - P P - - 

Na - - - - - - - - - - P 
Nl - - T T T T - T T T - 

P - - - - - - - - P - - 

S P P - P P P P P P - P 
SI" T T T T T T - P - P T 

P = element dearly detected, T = trace of element detected, and - = clement not dete~tcd 
"Stage 6 ha\ a geometric mean radlus ot  0 75 pm and Stdge 5 of 1 4 2  p m  
" ~ l e m e n t i  Ag. Cr, NI dnd Si arc ln QCM crystal and crystal contdits m d  thus show up stlonglv In bachglound 

4. Photomicrograph 
of particles collected on QCM 
stage 6 for 10 April 8:46-10:18 
MST. Areas labeled A, B, C, D 
and E subjected to EDX analy- 
sis; EDX scans are included 
for areas B and C. 
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RRRYLEIGH EXTINCTION 
A 4/  4 / 8 0  1 9 1 5 H R S  
0 4/  5/80 2 1 1 0  HRS 
X 4 /  7/80 528 HRS 

I !  
U I " '  ~ " " I " " " " 1 " " ~ " " I " " ~ " " I  
0.00 0.01 0.02 0.03 0.04 

EXTINCTION X-SECTION Il/KM) 

FIGURE 5. Aerosol extinction profiles for Lidar 
measurements on 4, 5, and 7 April. Time of 
measurements in MST included in figure. 

ClRFlYLEIGH EXTINCTION 
A 4 /  7 / 8 0  5 2 8  HRS 
0 4 / 7 / 8 0  1 9 1 5  HRS 

CI l ' ' " ~ ' ' " , ' " ' l ' " ~ , ~ ~ ~ ~ r ~ ' r ' ~ - ~  
0.00 0.01 0.02 0 .03 0.04 

EXTINCTION X-SECTION I l / K M I  

FIGURE 6. Aerosol extinction profiles for lidar 
measurements on 7 April. Time of measurements 
in MST included in figure. 

FIGURE 7. Aerosol extinction profiles for lidar optical depth for that day. The retrieval tech- 
measurements on 8, 9 and 10 ~ ~ f i l ,  Time of nique simply yields less accurate results when 
measurements in MST included in figure. the aerosol contribution to the lidar signal 

becomes a smaller fraction of the total, 
m CTIRRYLEIGH EXTINCTION 

aerosol plus Rayleigh, signal. The fact that 
A 4 /  8 / 8 0  1 9 1 s  HRS the aerosol extinction for 5 April is quite 
0 4 /  9 / 8 0  1 9 0 0  HRS 
# 4/10/80 1850 HRS small compared to the Rayleigh level for 

heights above the mixing layer provides an 
indication that the lidar calibration constant 

LO 

has been determined fairly accurately 
- (Spinhrne et al., 1980). The errors for the 7 
II 
x April pm and 8 April extinction profiles are - somewhat larger ( - k25 %) than the major- 
+, 
I ity of the profiles, even though the optical 
2 
w depths are rather hgh  for these days. This is 
I most likely due to poorer horizontal homo- 

geneity in /3, at the time the lidar observa- 
OJ tions for these profiles were made. 

The lidar derived optical depths are 
plotted in Figure 8, along with aerosol opti- 
cal depths obtained for some of the days 

m 
0.00 0.01 0.02 0.03 0.04 

from measurements made with the Univer- 
EXTINCTION X-SECTION [ 1/KM) sity of Arizona's spectral solar radiometer 
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TABLE 3. Results of Lidar Measurements 
-- 

Mixing layer Aerosol optical Aerosol extinction 
height depth to top of Total aerosol to backscatter 

Day (km) mixing layer optical depthu ratio S, 

"Total optical depth is only to a height of 19.3 km, but this typically includes most of the optical depth contribution 

(Shaw, et al., 1973; King et al., 1980). The 
solar radiometer optical depth measurements 
provide a cross check to verify the lidar 
extinction retrieval. The radiometer optical 
depth value for 6 April falls in about the 
right place for the increasing trend indicated 
by the lidar values over the period 5-8 April, 
the 8 April value is definitely a little lower 

FIGURE 8. Lidar and solar radiometer aerosol 
optical depth measurements for various days dur- 
ing experiment. Error bars are i one standard 
deviation. 

[3 RRDIOMETER 
A LIDRR 

than, but within the error limits of, the lidar 
value, and the 10 April value is very close to 
the lidar value. Thus, while it was not possi- 
ble to obtain solar radiometer data for more 
days during the experiment, the data that 
were obtained agree fairly well with the lidar 
data. 

A number of interesting features are ap- 
parent from the lidar data. For example, the 
extinction profiles demonstrate the signifi- 
cant day to day variations in extinction, both 
in magnitude and vertical structure, that oc- 
curred during the experiment. Some con- 
sistency in extinction values is apparent in 
the lowest few hundred meters. Mixing layer 
heights did not vary greatly from day to day, 
which is as expected for the fairly constant 
temperature and sunshne conditions that 
prevailed throughout the measurement peri- 
od. A significant reduction in aerosols oc- 
curred on 5 April, 1980 as indicated by the 
reduced extinction (Figure 5), reduced opti- 
cal depth (Figure 8), and reduced size distri- 
butions (at noon compared to morning, 
Figures 1 and 2) for that day. This event 
occurred at about the same time that a weak, 
dry cold front passed over Tucson, but a 
similar front with similar trajectories passed 
through on 10 April, 1980 without any corre- 
sponding great change in these same aerosol 
properties. 

The behavior of the aerosol extinction to 
backscatter ratio, S,, is of particular interest. 
The pattern displayed by S, during the ex- 
periment is similar to what we have observed 
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in general, namely, that the majority of the 
time Sa falls in the range 20-30, a less fre- 
quent grouping occurs in the range 35-60, 
arid on rare occasions S, drops to less than 
15. That S, varied as it did during the experi- 
ment is fortuitous, because one of the objec- 
tives of the experiment was to identify causes 
of changes in Sa. 

As noted earlier, Sa depends on the shape 
or form of the aerosol size distribution and 
on the aerosol particle refractive index (i.e., 
on particle composition). Particle shape also 
has some influence, apparently causing S, to 
increase as particles become more nonspheri- 
cal (Reagan and Herman, 1980). However, 
within the limitations of spherical particle or 
Mie scattering theory, only the effects of size 
distribution form and particle refractive in- 
dex can be readily assessed. Additional com- 
plications still arise even with the spherical 
particle restriction because particle composi- 
tions may be inhomogeneous both withn a 
single particle and as a function of particle 
size. Assuming the particles to be modeled 
by a single, average refractive index value is 
an obvious compromise. Scattering computa- 

tions for polydispersions of spherical, 
inhomogeneous particles can produce signifi- 
cantly different values for various optical 
parameters depending on how the different 
constituents whch the particles are com- 
prised of are mixed or averaged (Gillespie 
et al., 1978; Ackerman and Toon, 1981; 
Sloane, 1983). Nonetheless, our approach in 
assessing the observed Sa values is to apply 
the spherical, homogeneous particle assump- 
tions and see if the observations can be 
reasonably explained by this level of analy- 
sis, instead of first attempting somethng 
more complicated. 

Theoretical Mie scattering computations 
of a, and pa, to determine Sa = cx,/fla, were 
made for each of the impactor-derived size 
distributions given in Figure 2. The calcula- 
tions were made for a wavelength of 649.3 
nm and particle refractive index, m, values 
includin~ real components of 1.40, 1.45, 1.50 
and 1.54, and imaginary components of 
0.000, 0.005, and 0.010. The resulting array 
of computed Sa values for each distribution 
was then compared to the Sa value derived 
from lidar measurements made closest in 

TABLE 4. Calculatedu Values of S, for Different Impactor Size Distribution Measurements 

For impactor measurements on 4/5/80 11:57 to 12:59 MST 

m Imaginary 

m Real 0.000 0.005 0.010 

29.2 47.6 63.8 
24.6 37.0 47.8 Lidar S, = 10.8 i 6.1 
16.2' 23.2 29.6 
11.5* 16.1* 20.7 

For impactor measurements on 4/7/80 8:18 to 9:03 MST 

m Imaginary 

m Real 0.000 0.005 0.010 

49.7 63.8 
35.3* 44.4* Lidar S, = 40.0 i 6.0 
21.3 26.7 
14.7 18.6 

"Calculations made by numerical evaluation of the Mie volume backscattering and extinction coefficients for a 
wavelength of 694.3nm, a particle radius range extending from 0.05 to 6.0 pm, and the refractwe index values 
indicated in the table. 
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time to each impactor size distribution mea- 
surement. Example calculations for some of 
these cases are given in Table 4. Tabular 
values with asterisks identify calculated Sa 
values falling within $_ one standard devia- 
tion of the lidar Sa value, and the boldfaced 
cntry denotes the optimum or best fit value 
(i.e., calculated value closest to the lidar 
value). Correspondingly, the refractive index 
for this optimum value is taken as the opti- 
mum refractive index estimate. 

Table 5 lists the optimum refractive index 
estimates for each lidar Sa value obtained 
during the experiment. The same refractive 
index estimates are obtained if the mean size 
distribution of all the impactor runs (mean is 
shown in Figures 1 and 2) is used rather than 
the particular distribution for each impactor 
run made closest to the lidar measurement. 
Thus, the observed day to day changes in S, 
appear primarily due to refractive index or 
compositional changes in the particles. The 
high S,values on 7-8 April appear to be due 
to the combined effects of both a reduced 
real component and a nonzero imaginary 
component. The low real refractive index 
value (1.45) is indicative of liquid particles, 
and, considering the low relative humidities 
(RH < 40%) whch persisted during the ex- 
periment, acid sulfate particles or particle 
coatings present a possible explanation for 
the inferred index value. Similar low values 
of the real component have been inferred 
from previous lidar-solar radiometer mea- 
surements (Reagan et al., 1980), and particle 

samples collected by aircraft during some of 
these measurements were found to include a 
substantial fraction of sulfuric acid type par- 
ticles (Reagan et al., 1977). On the other 
hand, a real component value in the 1.45- 
1.50 range is also representative of some soil 
and dust models (Gillespie, Jennings, and 
Lindberg, 1978; Ackerman and Toon, 1981; 
Clark and Waggoner, 1982) assumed for 
aerosols. Only one day, 5 April, when the 
extinction was very low, yielded a high real 
component (1.54) consistent with ammonium 
sulfate and silica which are so frequently 
named as chief aerosol constituents. The 
imaginary component estimates determined 
from the data (average of 0.004) are in agree- 
ment with values obtained for the 500-700 
nm wavelength range from a number of other 
desert aerosol experiments ( eg ,  De Luisi et 
al., 1970; Grams et al., 1974; Lindberg and 
Laude, 1974; Reagan et al., 1980; Spinhirne 
et al., 1980). Although imaginary indices in 
the range of 0.001-0.01 do not correspond to 
any specific substance commonly associated 
with atmospheric aerosols, the occurrence 
of values in ths  range is possibly a result 
of small amounts of carbon mixing with 
otherwise very weakly absorbing particles 
(Lindberg and Gillespie, 1977; Ackerman 
and Toon, 1981). 

The theoretical calculations of aerosol ex- 
tinction, a,, used in the determination of Sa 
may also be compared with the lidar-derived 
extinction profiles. Such a comparison should 
only be regarded as an approximate con- 

TABLE 5. Estimated Values of Refractive Index Obtained from Impactor and Lidar Measurements 

Date and time 
of 

impactor measurement 

4/4/80 17:06-18:22 MST 
4/5/80 11:57-12:59 MST 
4/7/80 8:18-9:03 MST 
4/7/80 11:22-11:56 MST 
4/8/80 11:34-12:05 MST 
4/9/80 10:52-13:28 MST 
4/10/80 8:46-10:18 MST 

Lidar 

s o  

23.1 i 4.1 
10.8 + 6.1 
40.0 i 6.0 
38.8 + 6.5 
37.4 i 8.3 
26.8 + 6.0 
22.6 i 4.1 

Estimated 
refractive index 

m 

Average real component = 1.47; average imaginary component = 0.004 
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sistency check because the balloon and lidar 
measurements were not made simulta- 
neously. Advection and vertical mixing could 
cause substantial changes in extinction at 
any given height in a matter of a few hours. 
Table 6 lists the a, values used in the de- 
termination of S, as discussed earlier. The 
refractive index values assumed for these a, 
values are those listed in Table 5 ,  but the 
particular choice of index is not too critical 
because a, does not vary much for the range 
of index values considered here. Height-aver- 
aged lidar a, values are also included in the 
table. The lidar and calculated a,  values are 
in agreement by a factor of 2.75 or less in all 
cases and on the average within a factor of 
2.2. This level of agreement, in an absolute 
sense, is not too bad, considering the time 
difference in the observations as well as the 
uncertainties in the lidar and impactor mea- 
surements. Several of the balloon runs also 
include heights below 200 m above ground, 
which is closer to the ground than the lidar 
retrievals can extend because of initial non- 
overlap of the lidar transmitter and receiver 
beams. Nevertheless, it is disconcerting that 
the lidar values are consistently larger by 

about a factor of 2.2. This naturally prompts 
the thought of a possible scale factor error in 
determining the number density distribution 
values from the impactor mass measure- 
ments or in computing a, from these distri- 
butions and the Mie scattering coefficients. 
However, careful rechecking revealed no such 
scaling errors. Another possible source of 
error is the lidar calibration. This can be 
cross checked both by checking how well the 
lidar and solar radiometer total optical depths 
agree and by checking how small the aerosol 
extinction becomes relative to the Rayleigh 
extinction at heights well above the mixing 
layer. Either of these checks do not indicate 
any significant problems. Only the lidar pro- 
file for 8 April appears to have a large ex- 
tinction value above the mixing layer and a 
somewhat larger total optical depth than the 
solar radiometer value. As the same calibra- 
tion constant was applied to all the lidar 
data, there is no reason to believe that this 
day should be any more in error due to 
calibration uncertainties than any of the other 
days. Moreover, the disagreement in a, val- 
ues is about the same for 8 April as for the 
other days. Thus, while it would be more 

TABLE 6. Calculated Values of a ,  for Different Impactor Size Distribution Measurements and 
Corresponding Lidar Determinations of a ,  

Average" 
Date, time and height Computed lidar 
interval of impactor a ,  a, 

measurement (km - ') (km- ') 
--- 

4/4/80 17:06-18:22 MST 
282-480 m 

4/5/80 11:57-12:59 MST 
1-800m 

4/7/80 8:18-9:03 MST 
889-933m 

4/7/80 11:22-11:56 MST 
248-254 m 

4/8/80 11:34-12:05 MST 
58-243 m 

4/9/80 10:52-13:28 MST 
61-899 m 

4/10/80 8:46-10:18 MST 

'Lidar extinction value for profile from Figures 5, 6, or 7 nearest in time to the impactor measurement and averaged over 
height interval, to the extent possible, of the impactor measurement. 
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satisfying if the lidar and impactor derived 
values of a, were in closer agreement, the 
discrepancy is not sufficiently large to indi- 
cate that any problem really exists. 

SUMMARY 

Results have been presented from an experi- 
mental study of atmospheric aerosols per- 
formed near Tucson whch incorporated both 
lidar and balloon-borne cascade impactor 
measurements. Aerosol size distributions ob- 
tained from the impactor data were found to 
be all rather similar in form even though the 
impactor measurements were made at differ- 
ent heights and times over a period of several 
days. The distributions displayed a domi- 
nance by coarse mode particles and were 
similar to distributions obtained previously 
in Tucson from other direct sampling and 
optical remote sensing measurements. 

Aerosol extinction profiles and extinction- 
to-backscatter ratios obtained from the lidar 
measurements displayed significant changes 
over the several days of the experiment. The 
standard deviations obtained for the extinc- 
tion profiles were generally low (15%-30%) 
and indicated that the homogeneity con- 
straints on the lidar extinction retrieval 
technique were reasonably well met. By com- 
bining the lidar-derived aerosol extinction- 
to-backscatter ratios and the impactor size 
distribution determinations, an estimate was 
obtained of the aerosol particle refractive 
index for each lidar observation. T h s  analy- 
sis indicated that the observed day to day 
variations in the aerosol extinction-to-back- 
scatter ratio were largely due to changes in 
the particle refractive index, rather than to a 
change in the shape of the aerosol size distri- 
bution. 

The real part of the estimated refractive 
index (for a wavelength of 649 nm) was 
typically 1.45 with a mean of 1.47. This value 
is reconcilable with both acid sulfate and soil 
type particles. Energy dispersive X-ray anal- 
ysis of the particles deposited on the impac- 
tor stages for particle sizes contributing most 

significantly to the lidar signal revealed that 
the particles contained both sulfur and soil 
type elements. Estimates of the imaginary 
index component (again for a wavelength of 
694 nm) ranged between 0.000 and 0.010. 
Imaginary index values of 0.01 or less are in 
agreement with values obtained for the 500 
to 700 nm wavelength range from a number 
of other desert aerosol experiments. As sulfur 
and soil type particle constituents are largely 
nonabsorbing in t h s  wavelength range, the 
nonzero imaginary index values may be due 
to minute amounts of soot intermixed with 
the other particle components. Finally, the 
lidar measurements yielded aerosol extinc- 
tion values that were somewhat higher but 
still in fair agreement with the aerosol extinc- 
tion coefficients computed from the impactor 
size distribution measurements. 
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