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1. INTRODUCTION AND STATEMENT OF PROBLEM

This is a final report on Grant DAAG-29-78-G-0195

and follow on Contract DAAG-29-82-K-0081, Optical Properties

of Atmospheric Particulates in Arid Regions, prepared for

the U.S. Army Research Office. The purpose of this study

was to experimentally investigate the optical properties of

particulates in arid regions via slant-path lidar measure-

ments made in Tucson with the University of Arizona lidar.

The primary goals ot this work were to

a) obtain slant-path lidar measurements for approximately

100 days

b) analyze the lidar data to retrieve profiles of aerosol

extinction, aa and the aerosol extinction to back-

scatter ratio, Sa' for the middle and lower

troposphere, and

c) obtain statistical estimates of the mean and variance

of a a and Sa .

In addition to the lidar data collection and

analysis, two important auxiliary efforts were also included

as a part of the study. One was to obtain direct measure-

ments of aerosol size distributions via balloon-borne

cascade impactor measurements made in the same region probed

by the lidar. These measurements were to be made to aid in

interpreting the lidar observations, particularly the lidar

derived S a values. The other was to make use of spectral

solar radiometer measurements made under a cooperative NSF

1
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funded study to also aid in interpreting the lidar observa-

tions. The spectral aerosol optical depths obtained from

the solar radiometer measurements provide a cross check on

the lidar derived optical depth as well as provide

information about the aerosol size distribution.

Efforts to achieve the goals given above have been

largely successful. Most of the results obtained from this

study have already been reported in various proceedings, and

a list of these publications will be given in a later

section. A summary of the results is given in the following

section.

2. SUMMARY OF RESULTS

Attempts were made to collect lidar slant-path data

on approximately 125 days during the period May, 1979

through May, 1982. Of these attempts, complete sets of

slant-path data were acquired for about 105 days. Data for

over 70 days proved eventually to be successful in that they

were reducible by the slant-path lidar technique (Spinhirne

et al., 1980).

During the period 4-10 April, 1980, a successful

cooperative experiment was conducted in Tucson which

included lidar and balloon-borne cascade impactor measure-

ments of aerosols. The balloon system was supplied by NASA

Langley Research Center through an interagency agreement

attached to the grant. The purpose of the joint experiment
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was to obtain "direct" measurements of aerosol properties to

aid in interpreting the lidar observations.

The principal results obtained from the above

mentioned observations fall into three areas:

1) Profiles of aerosol or particulate extinction,

including standard deviation estimates, have been

extracted from the successful lidar slant-path

observations. These profiles have been statistically

analyzed to obtain a model extinction profile.

2) Mixing layer aerosol extinction-to-backscatter

ratios, including standard deviation estimates, have

been extracted from the successful lidar slant-path

observations. These ratios have been statistically

analyzed to obtain values which can be used to model

lidar observations.

3) The lidar and balloon-borne cascade impactor

measurements have been analyzed to investigate the

ettect of various aerosol physical properties on the

lidar extinction profile and extinction-to-back-

scatter ratio retrievals. Refractive index values

have also been estimated by combining the impactor

size distribution measurements with the lidar

derived aerosol extinction-to-backscatter ratios.

Additional information regarding the results

obtained for each of these three areas is given in the

following subsections.
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2.1 Results of Extinction Profile Retrievals

The average aerosol extinction profile obtained from

approximately 50 days of lidar observations is shown

graphically in Fig. 2.1 and tabulated in 0.2 km intervals

(through 7 km) in Table 2.1. The Rayleigh or molecular

extinction profile is included in Fig. 2.1 for comparison.

The profile is a weighted average determined by inverse

variance weighting. This seemed to be the most appropriate

way to average in that standard deviations were available

for each of the extinction profiles included in the average.

Such weighting effectively reduces the contribution of days

with larger uncertainties, but it also biases towards lower

extinction values. The data set used in the average was

also screened to some extent in that days were not included

for which the slant-path solution technique had difficulty

obtaining a solution or produced a solution with an

unreasonably low (10 or less) aerosol extinction-to-back-

scatter ratio.

As can be seen in Fig. 2.1, the average extinction

profile has a mixing layer height of about 3.0 km. The

optical depth for the mixing layer is 0.04, and the total

optical depth (through 19.0 km) is 0.07. These values as

well as the extinction profile itself are similar to the

results obtained earlier (Spinhirne et al., 1980) for a

pre iminar data set of 20 days of lidar observations made

over he period 1974 through 1976. Although the extinction
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Table 2.1 Average aerosol extinction coefficient for
slant-path lidar measurements made in Tucson, AZ
between May, 1979 and May, 1982.

2 2
Height Aerosol Extinction Height Aerosol Extinction

(km) (km- ) (km) (km-1

.20 1.75 x IU2 4.20 2.67

.40 1.55 4.40 1.93

.60 1.47 4.60 1.96

.80 1.31 4.80 1.77

1.00 1.19 5.00 1.91

1.20 1.07 5.20 1.52

1.40 9.49 x 10 -  5.40 2.31

1.60 8.56 5.bO 1.38

1.80 8.10 5.80 1.79

2.00 7.88 6.00 2.04

2.20 6.64 6.20 2.06

2.40 5.18 6.40 2.10

2.60 5.10 6.60 2.09

2.80 3.98 7.00 1.81

3.00 2.64 7.50 1.57

3.20 2.25 8.00 5.71 x 104

3.40 2.44 8.50 5.52

3.60 2.08 9.00 5.27

3.80 1.72 9.50 5.01

4.00 2.33 10.00 4.76

Optical depth through 2.8km (mixing layer) is 0.04 and

through 19.0km (maximum measurement height) is 0.07.

Weighted average (inverse variance weighting).
2 Height above ground level in Tucson, AZ which is 732m above

sea level.

• •. .. . . .:... ... ..- .. .- . ,.=..,_ = n ,' , ."
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profile presented here is only for a wavelength of 694 nm, p

extinction profiles for other wavelengths can be inferred by

making use of spectral solar radiometer optical depth data

also acquired in Tucson (King et al., 1980). In particular,

analysis of the solar radiometer data reveals that the

aerosol spectral optical depth, T (), varies with

wavelength, X, for - 400nm < X < 1000 nm to a good

approximation as

T (X) = KX -

where K is a proportionality constant and n is approximately

0.5. It is suggested that this relationship be used to

scale the extinction profile values to other wavelengths.

2.2 Results of Aerosol Extinction-to-Backscatter Ratio

Retrievals

Aerosol extinction-to-backscatter ratio, S, values

obtained from 70 days of slant-path lidar observations made

over the period May 1979 to May 1982 are plotted in Fig. 2.2

over a 12 month "generic" year interval. The Sa values for

the 20 days of lidar observations reported by Spinhirne e:

al. (1980) are included in the figure for comparison.

Monthly and some other averages of Sa are given in Table

2.2. Averages were not computed for months with less than 4

observations. The majority of the S values are
a

concentrated between 15 and 35, but additional groupings

occur between about 40 to 60 and 12 or less. The overall
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Table 2.2 Statistical properties of Sa values derived from

lidar observations in Tucson, AZ between May 1979

and May 1982.

Number Arithmetic Weighted*

of Mean and Mean of

Month Observations Standard Deviations S
Saa

January 4 46.3 t 41.3 25.0

February 7 28.2 L 13.0 25.9

March 14 32.9 ± 16.0 32.4

April 13 28.6 ± 9.4 28.2

May 12 25.5 ± 15.4 23.9

June 10 37.1 ± 26.4 16.5

July 1

August 0

September 0

October 2

November 2

December 5 29.2 ± 8.9 29.0

Total 70 30.7 ± 18.4 25.1

Arithmetic Average for 10 <Sa<45 is 25.6 ± 8.2

Arithmetic Average for Sa>45 is 62.0 * 14.4

Weighted by inverse variances of Sa values.

•. .. ...,



weighted average (25.1) is almost the same as the arithmetic

average of 25.6 for the main grouping of values between 15

and 45. With the exception of June, the monthly averages do

not display any trends that differ significantly from the

overall averages (Jan. is discounted because of so few

observations). Thus, Sa 25 appears to be a representative

value for most of the observations. This value is slightly

higher but not greatly different than the weighted mean of

19.5 obtained by Spinhrine et al. (1980) for 20 days of

preliminary lidar observations.

The very low S values are questionable for twoa
reasons. First, they generally were obtained for very clear

days with low optical depths (mixing layer optical depths <-

0.02). The slant-path solution technique doesn't work very

well under such conditions because the aerosol contribution

to the overall lidar signal (molecular plus aerosol) is too

small to be accurately retrieved. Secondly, model

calculations for representative aerosol size distribution

shapes and refractive index values do not yield Sa values

less than about 10 (for a wavelength of 694nm). Results of

these model studies also indicate that S values in the 10a
to 20 range typically occur for particle size distributions

dominated by larger, coarse mode particles (i.e., log-normal

type distributions), higher real refractive index values

(real components of -1.54), and little or no absorption.

Such conditions can occur when high winds and strong
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convective mixing add additional desert dust to the

atmosphere. Values of Sa in the 20 to 35 range, which is

where the majority of observations fall, correspond more to

size distributions with less dominant coarse mode particle

concentrations (i.e., perturbed Junge or two-slope type

distributions), somewhat lower real refractive index values

(-1.45 to 1.50), and still fairly low absorption (imaginary

index component values <-0.005). This is compatible with

both acid sulfate and soil type particles. Larger values of

Sa (Sa > 40) generally indicate stronger absorption

(imaginary index components in the range - 0.005 to - 0.01).

Occurrences of larger Sa values generally coincided with

stagnant high pressure or strong winter inversion conditions

when urban derived absorbing materials such as soot could

accumulate in the atmosphere. Additional information

regarding Sa and related size distribution and refractive

index effects are given in the next subsection and the

papers by Spinhirne et al. (1980) and Reagan et al. (1983).

2.3 Results of Lidar and Balloon-Borne Cascade Impactor

Measurements

The results of the lidar and balloon-borne cascade

impactor experiment are detailed in a manuscript submitted

to Aerosol Science and Technology (Reagan et al., 1983). The

aerosol size distributions obtained from the impactor data

were found to be all rather similar in form even though the
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impactor measurements were made at different heights and

times over a period of several days. The distributions

displayed a dominance by coarse mode particles and were

similar to the perturbed Junge (i.e., two-slope or Junge

plus a log normal type distributions) distributions obtained

by inverting spectral solar radiometer measurements (King et

al., 1978).

Aerosol extinction profiles and extinction to

backscatter ratios obtained trom the lidar measurements

displayed signiticant changes over the several days of the

experiment. The observed variations were fairly representa-

tive of the results obtained over three years of lidar

measurements. The standard deviations obtained tor the

extinction profiles were generally low (15 to 30%) and

indicated that the homogeneity constraints on the lidar

retrieval technique were reasonably well met. By combining

the lidar derived aerosol extinction to backscatter ratios

and the impactor size distributions, an estimate was

obtained ot the aerosol particle retractive index for each

lidar observation. This analysis indicated that the

observed day to day variations in the aerosol extinction to

backscatter ratio were largely due to changes in particle

refractive index (i.e., particle composition) rather than a

change in the shape of the aerosol size distribution.
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The real part of the estimated refractive index (for

a wavelength of 694nm) 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 analysis of

the particles deposited on the impactor stages for particle

sizes contributing most signiticantly to the lidar signal

revealed that the particles contained both sulfur and soil

type elements (AI,Si,Ca, & Mg). Estimates of the imaginary

refractive index component (again for a wavelength of 694nm)

were equally divided between 0.00 and 0.01 (i.e., mean of > ~

0.005). imaginary index values or 0.01 or less are in

agreement with values obtained for the 500 to 700 nm wave-

length range from a number of other desert aerosol

experiments. As sulfur and soil type particle constituents

are largely nonabsorbing in this wavelength range, the non-

zero imaginary index values may be due to minute amounts of

soot intermixed with the other particle components. Finally,

the lidar measurements yielded aerosol extinction values

that were somewhat higher but still in fair agreement with

the aerosol extinction coefficients computed trom the

impactor size distribution measurements.

2.4 Additional Reports

All of the signiticant tindings of the research

performed under Grant DAAG-29-78-G-0195 and Contract

DAAG-29-82-K-0081 have been presented in this report or are

b.

-4
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detailed in the publications connected with this research

(these publications are listed in the next section).

However, work is continuing to turther analyze and assess

some of the results of this research, and additional

publications are anticipated from this work. In particular,

two manuscripts are now in preparation which should be ready

tor submission to journals in a few months. The titles of

these manuscripts are given below:

"Aerosol Extinction to Backscatter Ratios: Measurements

and Calculations" (Reagan et al., to be submitted to

Appi.- Opt.)

"Slant-Path Lidar Observations Made in Tucson, AZ from

1979 to 1982" (Reagan et al., to be submitted to J.

Appl. Meteor.)
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