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ABSTRACT 

A photoacoustic spectrometer was developed and built for measuring absorption of 

light by collected particles. Major advantages of the photoacoustic method are that it 

measures absorption directly, it is insensitive to scattered light, and it is readily used at 

different wavelengths. To evaluate the performance of the spectrometer, comparisons 

were made between photoacoustic absorption spectra and spectra calculated with Mie 

theory. Pure powders with varied optical properties were used in the comparison, 

including carbon, hematite, and others. Results were reasonable in both absolute 

magnitude and spectral shape. 

Aerosol particles were collected in different environments in southern Arizona; 

under background conditions in the mid-troposphere, and in a moderately polluted city. 

The mid-tropospheric site is located at the summit of a 2.8 km (A.S.L.) mountain. 

Particles were segregated into two size ranges during collection: greater than, and less 

than, approximately 0.5 microns. Several hundred hours of successful sampling were 

carried out. Photoacoustic absorption measurements were made at wavelengths from 0.36 

to 1.0 microns. Results for the two locations, and two size ranges, are compared and 

contrasted in this thesis. 

Absolute magnitudes of absorption coefficients, measured at green wavelengths, 

are used to summarize many important results. Absorption by fine urban aerosol was 

6 ± 4 x 10-7 m-1, and four times larger than absorption by coarse urban aerosol. 

Absorption by fine background aerosol was 3 ± 2 x 10-8 m-1 , and more than ten times 

larger than absorption by coarse background aerosol. Total absorption by urban aerosol 

was twenty times that of background aerosol and, based on atmospheric aerosol mass 

xii 

~ -~----~----------------------------------
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loads estimated from in-situ scattering measurements, could largely be attributed to larger 

mass loads at the urban location. Single-scattering albedos measured for both locations 

were similar, 0.98 ± 0.01 and 0.99 ± 0.01, for the urban site and the mid-tropospheric 

site, respectively. 

Normalized photoacoustic absorption spectra for urban aerosol are uniform with 

wavelength; background aerosol spectra have a relative increase in absorption at near UV 

wavelengths compared to near IR wavelengths. Urban aerosol absorption can be 

attributed to carbon particles larger than approximately 0.1 micron, based on calculations 

for carbon spheres. Absorption spectra for background aerosol can also be attributed to 

carbon. In the fine aerosol fraction, background absorption may be dominated by carbon 

particles with sizes between about 0.01 and 0.1 microns. Coarse background aerosol 

spectra show significantly stronger wavelength dependence than other sample types. 

Calculated absorption spectra for Rayleigh size carbon spheres - smaller than about 0.01 

microns - have the same shape, within error bars, as photoacoustic absorption spectra for 

coarse background aerosol. 

Absorption by hematite (alpha iron oxide) particles is more strongly wavelength 

dependent than absorption by carbon particles, of the same size. Hematite particles of 

any reasonable size cannot explain urban spectra, or spectra for fine background aerosol. 

For coarse background aerosol, absorption at 1.0 micron was one fourth that at 0.37 

microns. This wavelength dependence is stilI not great enough to be attributed to 

hematite alone - although submicron hematite particles may be the dominant absorber in 

coarse background aerosol. 



CHAPTER 1 

INTRODUCTION 

Radiation propagating through the earth's atmosphere is scattered and absorbed by 

aerosol particles. Optical properties of atmospheric aerosol vary widely; for example, 

urban aerosol is different from wind generated dust in the Saharan desert. Aerosol unin

fluenced by local sources, generally located above the planetary boundary layer, is 

designated background aerosol. Background aerosol was estimated by Jaenicke (1980) to 

fill 65% of the troposphere. Knowledge of its optical properties is therefore very 

important. Aerosol scattering coefficients have been monitored nearly continuously for 

over a decade, in the mid-troposphere, at several wavelengths from 0.4 to 0.9 J,Lm 

(Bodhaine, 1983). In contrast, relatively few measurements of background aerosol 

absorption coefficients have been made; prior to this work, they were available only at 

green wavelengths (Twomey, 1983, Clarke and Charlson, 1983). The purpose of this 

dissertation is to report measurements of aerosol absorption coefficients at wavelengths 

from 0.3 to 1 J,Lm. Particles used in this study were collected under background 

conditions in the mid-troposphere, and also in a moderately polluted urban environment. 

Particles were segregated into two size ranges during collection: greater than, and less 

than, approximately 0.5 J,Lm radius. Absorption measurements for the two locations, and 

the two size ranges, are compared and contrasted. 

Absorption was measured with a photoacoustic technique. Photoacoustic spectros

copy is well suited for measuring absorption in the presence of substantial scattering; 

however, it has not been widely used on atmospheric particles. This dissertation is the 

first time a photoacoustic method has been used for measuring atmospheric aerosol 
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absorption spectra in either near UV, visible, or near IR regions. The photoacoustic 

technique used in this dissertation was compared with other methods for measuring 

absorption by collected aerosols (Ramsey-Bell and Couture, 1985): results for all methods 

were in reasonable agreement. Measurements of in-situ aerosol absorption would require 

considerably more sensitivity than measurements on collections of particulates. Current 

photoacoustic technology has not been shown to be sensitive enough for in-situ measure

ments of background aerosol absorption coefficients--detection of 10-10 per centimeter 

may be necessary. 

One application of spectral measurements is identification of absorbing 

compounds. Strongly absorbing solids are thought to be a minor constituent of 

atmospheric aerosol, mixed in an unknown way with virtually non-absorbing compounds 

(Bohren and Huffman, 1983, pp. 434-446). Very few materials that have strong 

absorption at visible wavelengths are likely to occur commonly in the mid-troposphere. 

Two such possibilities are carbon and alpha iron oxide (hematite). In the near UV to 

near IR region most solids, including carbon and hematite, do not have narrow absorption 

bands, and therefore could not be positively identified with spectral analysis. However, 

their absorption properties are grossly different in the near IR region; this phenomenon 

was used in our study to distinguish between the two types of materials. Spectral meas

urements have been used in other studies to infer the presence of carbon or hematite, 

although not with a photoacoustic method or with background aerosol. Carbon was 

inferred as the primary absorber in urban and rural samples by Weiss et al. (1978), using 

measurements of aerosol absorption spectra at visible wavelengths. Submicron hematite 

particles were concluded to be responsible for absorption at visible wavelengths above the 

Kara-Kum desert in Central Asia, based on spectral radiative flux divergence measure

ments (Kondratyev, 1974). 
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Identification of absorbing materials in our aerosol was not possible with 

traditional methods of chemical analysis. Chromatography can in general be used to 

identify specific compounds, but would require more aerosol material than our system 

could reasonably collect. Elemental analysis can be extremely sensitive, but can not be 

used to identify specific compounds, or distinguish between organic compounds and 

elemental carbon. Carbon has been positively identified in urban aerosol by Rosen et al. 

(1978), and in arctic haze (Rosen, Novakov, and Bodhaine, 1981), using Raman spectros

copy. 

Another application of background aerosol absorption measurements is determina

tion of single-scattering albedos. This quantity is a function of aerosol absorption and 

scattering. Single-scattering albedos were measured at green wavelengths in our study. 

Values near unity have been measured in previous studies of background aerosol 

(Twomey, 1983, Clarke and Charlson, 1983), at green wavelengths, and imply that 

scattering strongly dominates absorption. Aerosol single-scattering albedos may play an 

important role in the earth's climate balance. Climate models, making several 

assumptions about aerosol properties and their effects on processes such as cloud 

formation, have suggested that there is a critical single-scattering albedo at visible 

wavelengths. The average global temperature would not change if aerosol with the 

critical single-scattering albedo was added to the atmosphere. The temperature would 

increase if the added aerosol had a single-scattering albedo less than the critical value, 

and decrease for a single-scattering albedo greater than the critical value. Hansen et al. 

(1980) calculated a critical single-scattering albedo of 0.85, and Charlock and Sellers 

(1980) a value of 0.81. 

The photoacoustic method, and apparatus, are discussed in Chapter 2. Photo

acoustic measurements on minute amounts of particulates are investigated in Chapters 3 
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and 4: Chapter 3 looks at calculated spectra for several powders with widely varied 

absorption characteristics; Chapter 4 compares photoacoustic measurements on powders 

with calculations from Chapter 3. Sites, methods, and apparatus used for atmospheric 

particle collection are evaluated in Chapter 5. Differences and similarities between pho

toacoustic measurements on laboratory generated powder samples and atmospheric parti

culates are subjects of Chapter 6. Results of atmospheric aerosol measurements, at green 

wavelengths, are presented in Chapter 7; these include single-scattering albedos and 

absorption coefficients. In Chapter 8 measured absorption spectra are shown for coarse 

and fine aerosol fractions, from an urban area and a mid-tropospheric site. Composition 

of aerosol particles in different size ranges, from both locations, are inferred from 

spectral measurements. 



CHAPTER 2 

PHOTOACOUSTICSPECTROMETER 

The photoacoustic effect was first recognized by Alexander G. Bell (1880) and 

has since been used in a wide range of applications. It is based on the fact that optically 

absorbing material, subjected to light chopped at audio frequencies, produces sound 

waves. Photoacoustic measurements on atmospheric particles have been made by various 

scientists at a few wavelengths in the visible region, and around 10 I'm in the infrared 

region. The apparatus used in our experiment was designed specifically for measure

ments on weakly absorbing atmospheric particles, at several wavelengths from near 

ultraviolet to near infrared. 

2.1 Survey of Photoacoustic Measurements on Particulates 

Photoacoustic techniques can be used to measure many different quantities, on 

solid and liquid particles. This survey is limited to absorption measurements on 

atmospheric, and laboratory generated atmospheric-like, particles. 

The following is a general description of the photoacoustic method used by most 

authors surveyed, and also in our experiment. Typical apparatus consists of a gas-tight 

chamber, or "cell", containing a microphone and windOWS; a continuously modulated or 

"chopped" light source; and a lock-in amplifier for detecting acoustic signals at the 

chopping frequency and phase. The sample consists of particles collected on thin 

substrates or dispersed in gas. The procedure is to seal the sample and some amount of 

gas inside the cell, then iIIuminate them with chopped light. Optical absorption by the 

sample is transformed to thermal energy, and all or part of that energy is conducted to 

5 
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the gas. This periodic heating generates a pressure wave, or acoustic signal, which is 

detected by the microphone and lock-in amplifier. Frequencies from 10 to 4000 Hz have 

been used by different workers. 

Only a few photoacoustic absorption measurements exist for atmospheric particles. 

The only in-situ measurements were made by Foote (1979), near London, using solar 

radiation. Absorption values for urban particles collected on filters were studied by Yasa 

et al. (1979) at a wavelength of 0.633 pm. They used the photoacoustic method and the 

well-known diffusing plate method (Lin, Baker, and Charlson, 1973) with comparable 

results. Measurements were made with white light on collected particles, from both 

urban and remote locations, by Ramsey-Bell and Couture (1985). Spectral measurements 

from 9.2 to 10.8 pm were made on desert dust by Schleusener et al. (1975) with a tunable 

CO2 laser. 

Laboratory generated carbon particles have been the subject of several 

experiments. Bennett and Patty (1982) added non-absorbing, but highly scattering, 

ammonium sulfate particles to carbon particles collected on filters. Their instrument gave 

reliable absorption values even in the presence of substantial scattering from the sulfate. 

A similar experiment was done by Ramsey-Bell and Couture (1985), with similar results. 

A commercially made photoacoustic spectrometer (which is no longer available) was used 

by Rohl, Palmer, and McClenny (1982) to measure absorption by collected carbon 

particles in the wavelength region from 0.2 to 2 pm. Absorption spectra from 0.59 to 0;62 

pm were obtained for in-situ carbon particles by Japar and Killinger (1979), with a 

tunable dye laser. 

The photoacoustic technique is well suited for measuring absorption by collected 

atmospheric particles, even when there is substantial scattering. It is possible to make 

measurements at a variety of wavelengths with the same in~trument. The 10 J-lm region 



is the only wavelength region where, to the knowledge of this author, photoacoustic 

absorption spectra have been previously obtained for atmospheric particles. 

2.2 Photoacoustic Theory 

2.2.1 Efficiency of Energy Conversion 
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In the photoacoustic effect electromagnetic energy absorbed by particles is 

partially re-radiated and partially converted to thermal energy. Some of the thermal 

energy is transferred from the sample to the surrounding gas, generating the photoacous

tic signal. In a study by Swinford (1975) the efficiency of the photoacoustic method was 

evaluated for particles dispersed in gas and having thermal conductivity much higher than 

the gas; for 10 ~m radius particles, composed of typical aerosol materials, less than 0.5% 

of the absorbed energy was computed to be re-radiated--this fraction decreased with 

decreasing particle size. At a chopping frequency of 300 Hz, and particle radius of I 

~m, Swinford calculated that 98% of the absorbed energy was transferred to the gas 

within one modulation period (3.3 ms); that fraction increased with the square of the 

period. At 10 Hz essentially all absorbed energy was transferred to the gas from particles 

smaller than 1 ~m, while for a 10 ~m radius 95% was transferred. Sizes larger than 10 

~m settle quickly from the atmosphere by gravitation and so can make up only a very 

small part of the atmospheric aerosol. 

Our samples are collected onto 1O-~m-thick plastic filters. Inspection of these 

samples in electron and visual microscopes reveal generally a thin layer of particles 

partially covering the filter. The porous plastic filter is extremely thin, and it is assumed 

that it will transfer most of its thermal energy to the gas at low chopping frequencies. 

The photoacoustic signal from the sample and filter should be directly proportional to the 

total optical energy absorbed. 



2.2.2 Thermal Model 

The theory used to relate absorption by a sample to the magnitude of a photo

acoustic signal, for the system in section 2.1 with collected particles, is often called the 

thermal piston model. The basis for the name is periodic heating of a thin layer of gas 

adjacent to the sample surface. This model of the photoacoustic effect for solids was 

presented first by Rosencwaig and Gersho (1976), and later by Tam (1986) and others. 
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The following is a qualitative description of the model. Absorption of modulated 

light by the sample results in a periodic heat flow to the surrounding gas. Only a thin 

layer of gas at the boundary of the sample undergoes a temperature modulation. Heat 

conduction equations give the temperature variation, and the ideal gas law is used to 

calculate the resulting volume fluctuation. The boundary layer is about I mm thick for 

air, at a frequency of 10 Hz, and the piston effect is its expansion and contraction. 

Adiabatic conditions are assumed in order to compute the pressure fluctuation in the cell, 

which is sensed by a pressure transducer (typically a microphone). The transducer 

produces an output signal. 

Solutions to the piston model are greatly simplified for various limiting cases. 

Different approximations can be used, depending on the relative magnitudes of physical, 

optical, and thermal depths of the samples. The thermal depth (sometimes called thermal 

diffusion length) is the depth of material experiencing a temperature fluctuation: 



where 

u- r=c: 
- ~ 7r pCp f ' 

u = thermal depth, 

k = thermal conductivity, 

p = density, 

Cp = heat capacity, 

f = chopping frequency. 

At 10 Hz thermal depths of quartz crystal, amorphous carbon, and crystalline alpha iron 

oxide are, respectively, 400 pm, 200 pm, and 300 pm. These calculations used the 

thermal properties listed in Table 2.1. The physical depths of our atmospheric samples 

are very small, at most a few tens of microns, based on aerosol mass loadings inferred 

from in-situ scattering coefficients (Charlson, Ahlquist, and Horvath, 1968). 

Samples used in this experiment have thin thermal depths and thin optical 

absorption depths. Photoacoustic signals, resulting from an approximate solution to the 

thermal piston model, are linearly proportional to the absorption optical depth of the 

sample. Photoacoustic signals for a thermally thin and optically opaque reference sample 

give the proportionality constants. Computations utilizing the piston model identify 
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important considerations for maximizing the photoacoustic signal, especially the desirabiI-

ity of using a small cell volume and a low beam modulation frequency. 

2.2.3 Scattering Effects 

A major advantage of the photoacoustic method is that light scattered by the 

sample does not contribute directly to the signal. Scattered light can, however, increase 



Table 2.1. Thermal properties of various materials. 

Material 

a-Fe20 3 
single-crystal 

Quartz 
single-crystal 

Carbon 
amorphous 

(a) Clarke, 1966 
(b) Carmichael, 1984 
(c) Weast, 1975 
(d) Hodgman, 1958 

Density Thermal Conductivity 
(g/cm3) (ergs/cm sec OK) 

5.3 (b) 100 x 104 (a) 

2.5 (b) 80 x 104 (a) 

2 (c, p.B9) 16 x 104 (c, p.EI2) 

10 

Heat Capacity 
(erg/g OK) 

6.5 x 106 (b) 

7 x 106 (b) 

7 x 106 (d) 
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the signal if it is absorbed by windows, cell walls, or microphone. This indirect contri

bution can be minimized by choosing an appropiate design for the photoacoustic cell. 

Another way signals can be enhanced is by multiple scattering. The probability 

that scattered photons will be absorbed within samples varies with optical depth. At 

large optical depths absorption measurements will no longer be linearly proportional to 

sample mass. The magnitude of this effect will also depend on single-scatter albedos of 

particles and angular distribu.tions of scattering. This problem was treated in detail by 

Yasa, Jackson, and Amer (1982), both theoretically and experimentally, in the context of 

photoacoustic spectroscopy. For isotropic scattering they found that scattering optical 

depths less than 0.2 would not result in appreciable non-linear absorption. Particles with 

dimensions comparable to or larger than the wavelength of incident light scatter predomi

nantly in the forward direction (Twomey, 1977, p.213), and for these the optical depth 

could significantly exceed the isotropic value before substantial mUltiple scattering 

occurred. 

2.3 Apparatus 

2.3.1 Photoacoustic Cell 

The photoacoustic cell consists of a gas-tight chamber containing the sample, 

microphone (or other pressure sensor), and windows. There must be a convenient way to 

replace samples and the geometry should be optimum from the point of view of signal

to-noise ratio. The cell developed for this experiment is illustrated in Fig. 2.1. A unique 

feature is its ability to hold four samples simultaneously. The design allows measure

ments to be made on different samples in rapid succession, and is especially useful for 

comparisons between samples, because the position of the cell is the only parameter 

altered. In practice one chamber always held a soot reference, opaque at all wavelengths 
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used, for normalizing sample signals. The photoacoustic signal is detected with an 

Electret microphone having a sensitivity of about one microvolt per dyne cm-2 at 10 Hz. 

Access to all samples is provided by removal of a screw and a single window, and there 

is an o-ring seal between the window and cell. Additional windows behind each sample 

chamber allow the transmitted light to exit; these are not removable. 

Several steps are taken to maximize the acoustic signal. The chopping frequency 

used is low, about 10 Hz. The volume of the cell is small, about 0.5 cm3 , but above the 

minimum size required to prevent thermal losses to windows and walls (Bechtold, 1984). 

The sample and substrate are mounted inside the cell with only a small part of the 

substrate in contact with the walls, minimizing heat conduction losses through the wall. 

In general the largest source of noise in a cell is absorption of scattered light by 

the windows, walls, and especially the microphone (Tam, 1986). Care was taken to 

minimize the problem. The microphone' was connected to the sample chamber by a 

narrow channel--a procedure also followed by McClelland and Knisely (1976) and 

Helander and Lundstrom (1980). The cell was constructed of aluminum and the sample 

chamber walls were polished. High wall reflectivity is desirable because scattered light 

incident on the walls must be either reflected or absorbed. One attempt was made to 

construct a transparent cell from acrylic plastic, and although there may have been less 

wall absorption there seemed to be more extraneous absorption (perhaps by o-rings and 

other components). Windows were polished Suprasil II fused quartz, which is transparent 

from 0.2 to 1.5 I'm and has a specular reflectivity of 7% (Heraeus Amersil, 1978). 

2.3.2 Light Sources 

Four light sources were used in this experiment, in combination with several 

bandpass filters, to provide intznse illumination at several narrow wavelength intervals 



between 0.3 p.m and 1.0 p.m. Table 2.2 is a summary of the wavelength intervals, light 

sources, and filter characteristics. 
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Ideally the light sources in this experiment would be monochromatic, for an 

accurate calibration with known materials, and have power outputs larger than about 1 

milliwatt, for an adequate signal-to-noise ratio. Lasers were used when possible. 

Wavelength intervals a few nanometers wide were achieved with a xenon-mercury arc 

lamp, coupled with interference filters centered on mercury spectral lines. Output of a 

xenon-mercury arc lamp and a quartz halogen lamp are shown in Fig. 2.2. The quartz 

halogen lamp provided strong illumination in the near infrared region, and was used with 

interference filters having bandwidths of approximately 70 nanometers. 

2.3.3 Photoacoustic System 

The entire photoacoustic system consists of several light sources, beam chopper, 

sample cell with windows and microphone, and lock-in amplifier. The design in Fig. 2.1 

was chosen for two main reasons. It is necessary to have several components precisely 

aligned with one of the light sources when data are taken, and a minimum of readjust

ment is desired when changing from one light source to another. Secondly, the photo

acoustic cell has to be acoustically and mechanically isolated from the chopper and 

chopper motor and from room vibrations. 

In the middle of the system, a rotary table allows objects to be rotated about a 

vertical axis. The center portion of the rotary table is absent, and mounted there in a 

fixed position is a cylindrically shaped chopper with a vertical blade. The chopper 

frequency is monitored by an infrared emitting diode and phototransistor pair. Mounted 

onto the rotary table are lenses, an optical stop, filter holder, and photoacoustic cell 

holder. The photoacoustic cell sits in a slot in the holder which allows it to be easily 

removed and precisely relocated. The cell and other objects can be rotated about the 



Table 2.2. Characteristics of light sources and filters. 

Wavelength given is for peak transmission, and filter bandwidth is for 50% of peak 
transmission. Power measurements were available only from 0.4 to 0.8 p.m. All filters 
are interference type filters. 

Wavelength (p.m) Light Source Bandwidth (p.m) Power (mW) 

0.365 Xe-Hg lamp om 

0.405 Xe-Hg lamp 0.01 

0.442 He-Cd laser 2 

0.546 Xe-Hg lamp 0.004 2 

0.633 He-Ne laser 6 

0.702 Quartz-Halogen 0.07 5 
lamp 

0.799 0.06 7 

0.904 0.08 

1.00 0.08 

15 
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The cell (with windows, microphone, filter, and lens) is mounted on the rotary table. 
The other items are stationary. The table rotates about the chopper, to align the cell with 
one of the light sources--in this case the XeHg lamp. 



chopper and brought into alignment with ~ light beam by advancing the rotary table. 

This table is sitting on porous materials to reduce acoustical noise. 
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The acoustic signal detected by the microphone and the signal from the frequency 

monitor are processed at the lock-in amplifier. The lock-in amplifier is frequency and 

phase selective, and enables the detection of periodic signals having amplitudes as small 

as a few microvolts. 



CHAPTER 3 

CALCULATED ABSORPTION FOR POWDERS 

Comparisons between measured absorption spectra and calculated ones were used 

to evaluate the performance of the photoacoustic spectrometer. Powdered compounds 

were first dispersed in air, then deposited onto filters with a collection process similar to 

one used for atmospheric particles. Absorption coefficients were calculated with Mie 

theory. Uncertainties about particle shapes, size distributions of collected particles, and 

optical constants of the bulk material were explored. 

3.1 Description of Powder Samples 

3.1.1 Optical Constants of Powder Materials 

The four materials chosen for this study have widely varied absorption spectra. 

Disordered carbon absorbs strongly and uniformly over a large range of wavelengths. 

Magnesium oxide is essentially transparent at all wavelengths used in the experiment, 

alpha iron oxide (hematite) absorbs two orders of magnitude more strongly at blue 

wavelengths than red, and nickel oxide is a fairly weak absorber with several absorption 

bands in the visible and near infrared regions. Visually, the carbon powder appears 

black, the magnesium oxide powder white, the iron oxide powder is a dark brick-red, 

and the nickel oxide powder is gray-green. The color depends somewhat on particle size 

distribution. 

The complex index of refraction for a material is given by n + ik, where n is the 

real index of refraction, k is the imaginary index of refraction, and i is the square root 

of negative one. The quantities nand k are called optical constants and depend only on 
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the composition of the material and wavelength. The absorption coefficient for a 

homogenous slab of non-scattering bulk material, in units of inverse length, is equal to 

41rkj>., where>. is wavelength. Ab~orption coefficients for powders will generally be 

complicated functions of nand k. 

Magnesium oxide and nickel oxide are isotropic materials; their optical properties 

do not depend on orientation. Optical constants derived from measurements on single 

crystals are used for our calculations; the sources are Bohren and Huffman (1983, p.269) 

for magnesium oxide, who reference the original measurements and make some of their 

own, and Newman and Chrenko (1959) for nickel oxide. 

Carbon occurs in a variety of forms. In its crystalline form of graphite it is 

anisotropic, and the clear form of diamond is isotropic. Isotropic disordered carbon 

particles can be generated in many ways--for example lampblack, as is used in this work, 

is produced by burning oil. There are optical constants in the literature for only a few 

forms of carbon. Although it is difficult to choose optical constants appropriate to 

lampblack, arc-evaporated carbon (Arakawa and Williams, 1977) and glassy carbon 

(Williams and Arakawa, 1972) are used for calculations in this chapter. 

Alpha iron oxide, commonly known as hematite, is used in this experiment. It is 

uniaxially anisotropic in its crystalline form. A randomly oriented collection of 

crystalline particles may be considered to have optical constants which are an average of 

values for different crystalline axes (Bohren and Huffman, 1983, p.432). Optical 

constants used to evaluate our data in the visible region from 0.4 to 0.63 /-1m are from 

Kerker et al. (1979), and are already averaged in some sense because they were derived 

from measurements on randomly oriented crystalline materials. At near infrared 

wavelengths only optical constants for one crystal axis are available (Bailey, 1960). At 
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red wavelengths, where there are data for both cited sources, the single axis imaginary 

index is somewhat lower than the averaged one. 

Optical constants used in our absorption calculations are listed in Tables 3.1 to 3.4. 

Values at some wavelengths have been obtained by extrapolating between authors' data 

points. 

3.1.2 Collection of Powders onto Substrates 

Powder samples were collected by filtration onto 5-pm-pore Nuclepore filters, 

using the multiple filter holder shown in Fig. 3.1. The sample filter was sandwiched 

between two 8-pm-pore Nuclepore filters. The upstream filter removed particles larger 

than about I pm from the airstream, and the downstream filter kept extraneous particles 

from contaminating the sample. The photoacoustic cell is designed for filter disks 6 mm 

in diameter, but 47 mm diameter disks were used for the initial samples in order to 

collect enough mass to weigh accurately. Smaller disks were later cut from larger ones 

with a paper punch. 

3.1.3 Size Distributions of Collected Powders 

Size distributions are needed to calculate absorption coefficients for each type of 

powder. Relative number of particles in narrow size increments and minimum particle 

sizes are required. A Climet 208 optical particle counter was used to find approximate 

size distributions of particles dispersed in air, and was restricted to sizes larger than about 

0.5 I'm. Fractions of particles of each size subsequently captured on filters are 

determined by theoretical collection efficiencies. A detailed discussion of particle 

collection with Nuclepore filters is in section 5.2. 

For iron oxide and nickel oxide powders, electron microscope pictures taken by A. 

Hunt (1986) established a minimum particle diameter of about 0.1 pm. For lampblack, 
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Table 3.1. Optical constants of alpha iron oxide. 

This compound is commonly called hematite. The chemical name is a-Fe:P3. Optical 
constants for 0.365 to 0.633 pm are from Kerker et al. (1979), and for 0.7 to 1.0 pm are 
from Bailey (1960). Powder used for samples was reagant grade (99% pure), and supplied 
by MC/B Co. 

Wavelength (pm) n k 

0.365 2.51 

0.405 2.74 0.78 

0.442 2.95 0.73 

0.546 3.11 0.26 

0.633 3.01 0.027 

0.70 2.93 5.6 x 10-3 

0.80 2.81 5.9 x 10-3 

0.90 2.69 5.4 x 10-3 

1.00 2.57 2.5 x 10-3 



Table 3.2. Optical constants of nickel oxide. 

The chemical name of this compound is NiO. Optical constants are from Newman and 
Chrenko (1959). Powder used for our samples was certified grade (100% pure), and 
supplied by Fisher Scientific Co. 

Wavelength (I'm) n k 

0.365 3.08 0.Ql8 

0.405 2.47 5.8 x 10-3 

0.442 2.33 3.9 x 10-3 

0.546 " " 8.7 X 10-4 

0.633 " " 2.3 X 10-3 

0.70 " " 5.0 X 10-3 

0.80 9.5 x 10-4 

0.90 8.6 x 10-4 

1.00 " " 2.3 X 10-3 
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Table 3.3. Optical constants of disordered carbon. 

Optical constants of arc-evaporated carbon are from Arakawa and Williams (1977), and 
of glassy carbon are from Williams and Arakawa (1972). Powder used for our samples 
was lampblack, Germantown 100% pure, supplied by L. Martin Co. 

Arc-evaporated Glassy 
Wavelength (J,Lm) n k n k 

0.365 2.00 0.92 1.69 0.68 

0.405 2.10 0.90 1.72 0.68 

0.442 2.17 0.89 1.74 0.68 

0.546 2.36 0.83 1.82 0.72 

0.633 2.43 0.74 1.88 0.75 

0.70 2.41 0.70 1.90 0.77 

0.80 2.31 0.73 1.93 0.81 

0.90 2.24 0.84 2.00 0.87 

1.00 2.26 1.03 2.06 0.93 
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Table 3.4. Optical constants of magnesium oxide. 

The chemical name of this compound is MgO. The optical constants are from Bohren 
and Huffman (1983, p. 269). Powder used for our samples was analytical grade (100% 
pure), and supplied by Mallinckro.dt Co. 

Wavelength (I'm) n k 

0.365 1.74 9 x 10-6 

0.405 " " 3 X 10-6 

0.442 " " 3 X 10-6 

0.546 1 x 10-6 

0.633 " " 9 X 10-7 

0.70 " " 

0.80 " " 

0.90 " " 

1.00 " " 

25 
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Figure 3.1. Apparatus for collecting powder samples. 
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Mantell (1968) gave 0.1 pm for a typical minimum size. It is not necessary to establish a 

maximum particle size for dispersed powders because the 8-pm diameter pores of the 

pre-filters prevent any particles greater than 8 pm from collecting onto sample filters. 

Size distributions computed from optical particle counter data are inverse power 

types (Twomey, 1974, p.7) described by 

d N(log r) = C r-b 
d log r ' 

where N is number of particles greater than radius r, and C and b are constants. The 

above equation can be linearized by taking logarithms of both sides, so that -b becomes 

the slope. Results for the parameter bare 1.3, 2.1, and 2.3 for carbon, iron oxide, and 

nickel oxide, respectively. Relative error in the slope is estimated at 25%. Linear 

correlation coefficients are high: -.9996, -.9997, and -.98 for carbon, iron oxide, and 

nickel oxide respectively. The constant C is relat~d to concentration and not relevant to 

our calculations. Dispersed powders with these distributions have more mass in particle 

sizes between 1.0 and 10.0 pm than between 0.1 and 1.0 pm. 

Commercially available fine powders are often produced in particles sizes between 

0.1 pm and 1.0 pm (Murphy, 1984, p.246) and have log-normal size distribution 

(Twomey, 1974, p.11). Coagulation processes can alter the distribution, producing large 

particles from many small ones (Murphy, 1984, p.28). Electron microscope pictures of 

iron oxide and nickel oxide, referred to in the previous section, verify that particles sub-

stantially larger than the minimum size are aggregates. 

It is possible that size distributions of powders dispersed inside our sampling 

apparatus are different from these calculated ones. Concentrations needed to collect good 

samples are much larger than those appropriate for the optical particle counter. For 

particle concentrations of 107 per cubic centimeter initial concentration can be reduced 



by half in one minute (Twomey, 1974, p.I39), due to coagulation. Coagulation can 

transfer mass from small sizes to larger ones, effectively reducing the slope of the size 

distribution. Data suggest that nickel oxide was likely to have undergone this type of 

process, carbon probably did not, and iron oxide was somewhere in between. 

3.2 Calculation of Absorption Coefficients 

3.2~1 Theory of Absorption by Spheres 
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Absorption and scattering by an isotropic, homogenous sphere of arbitrary size and 

optical constants can be determined exactly. Solutions to vector wave equations which 

satisfy the appropriate boundary conditions are often called Mie theory after the author 

who first published the solution (Mie, 1908). Additionally, for particles small compared 

with the wavelength of the incident light, electrostatics approximations can be used to 

describe absorption by spheres, eIlipsoids, and anisotropic spheres (Bohren and Huffman, 

1983, pp.I36-157). 

Absorption by a group of particles with a known size distribution can be found by 

summing up absorption coefficients for each size. Computers are usually required since 

computation time can become large depending on the width of size intervals used, etc. 

Absorption coefficients for spheres composed of the powder materials used in our 

experiment were calculated with Mie theory. (Energy absorbed by a sphere is normalized 

by the incident irradiance and the volume of the sphere. This is called the absorPtion 

cross section per unit particle volume and has units of inverse length. The term 

"absorption coefficient" will be used as an abbreviation for absorption cross section per 

unit volume.) An averaged absorption coefficient for each material was found by 

weighting the absorption coefficient for each particle size by its volume fraction in the 

powder sample. This procedure is described in detail in Appendix A. 
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3.2.2 Shape Effects 

Most particles generated in laboratories and found in nature are not spheres. 

Absorption by non-spherical particles on the order of the size of the wavelength can pot 

be readily calculated. Absorption by spheroidal Rayleigh particles is more easily solved. 

The effect of shape on absorption by particles small compared with the 

wavelength is discussed by Bohren and Huffman (1983, pp.342-356). The magnitude of 

the effect is highly dependent on the optical constants of the bulk material, and some of 

the materials used in our experiment may have significant shape effects. The increase of 

absorption coefficients for randomly oriented disks over that of spheres with the same 

volume is a factor of 8, 3, and 3 for iron oxide, carbon, and nickel oxide respectively, 

throughout the wavelength range from 0.4 J,lm to I J,lm. Disks have the largest possible 

shape effect; less exaggerated spheroidal shapes would occur in actual powder samples. 

Extensive absorption calculations for carbon-like spheroids of all sizes have been 

carried out by Roessler, Wang, and Kerker (1983), and their results are summarized in 

Fig. 3.2. Any randomly oriented shape absorbs more per unit volume than a sphere, at 

all sizes, especially disk-shaped particles with effective radii much smaller than the 

wavelength. Most particles collected by our powder sampling apparatus were larger than 

incident wavelengths, which is illustrated in the collection efficiency curve in Fig. A.I., 

and limited the possible magnitude of shape effects. 

The tendency for powder particles to stick together and form aggregates poses 

another problem related to shape. Even for an aggregate which is roughly spherical there 

is an effect on the absorption per unit volume because of the porosity. Medalia and 

Richards (1972) made a comparison between porous spheres and solid spheres. The 

porous sphere in their model was composed of equal volumes of carbon and surrounding 

media, with optical constants taken as the volume averages of the two components. 
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Absorption coefficients (also called absorption cross-sections per unit particle volume) for 
particles with different sizes and shapes, after Roessler, Wang, and Kerker (1983). 
Results are for a carbon-like material with a real index of 2 and an imaginary index of 
I, at a wavelength of 0.55 p.m. Curve (a) is for a sphere, curve (b) is for a prolate 
spheroid with an axial ratio of 3:1, curve (c) is for an oblate spheroid with an axial ratio 
of 3:1. 
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Absorption cross sections for a given size were .normalized by carbon volume. 

Absorption coefficients for both types were similar in the Rayleigh region, where solid 

sphere absorption is known to be proportional to particle volume. Absorption coefficients 

are larger for the porous spheres than the solid ones outside the Rayleigh region, 

presumably because optical saturation occurs over a shorter path length in the solid 

sphere than the porous one. In general the porous carbon particle in this model has 

absorption properties similar to a smaller solid sphere with the same volume of carbon. 

3.2.3 Results of Absorption Coefficient Calculations 

Absorption coefficients for each powder were calculated for inverse power size 

distributions following the procedure outlined in Appendix A. The results are shown in 

Figs. 3.3 to 3.5 for disordered carbon, alpha iron oxide, and nickel oxide. The optical 

constants for arc-evaporated carbon and glassy carbon gave very similar results for the 

size distributions shown. The absorption coefficient for magnesium oxide is less than 

0.001 J.lm-1, throughout the wavelength range and for a wide variety of size distributions, 

and therefore was not graphed. Results for all materials have been plotted on the same 

scale to facilitate comparisons. 

Variations in the slope parameter b for inverse power distributions only slightly 

effect absorption coefficients in regions where the compounds absorb weakly. In regions 

where imaginary indices for the compounds are relatively large, decreasing the value of b 

markedly decreases absorption coefficients because the proportion of larger particles is 

increased. Optically saturated large particles are inefficient absorbers because only the 

outer layer of each particle absorbs light. Increasing the minimum particle size in distri

butions generally has the same effect as decreasing the slope, for example changing the 

minimum size from 0.04 J.lm to 0.06 J.lm is similar to decreasing the slope by 10%. 
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Calculations are for distributions of spheres. Inverse power distributions were used, with 
b the slope parameter. 
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Calculations are for distributions of spheres. Inverse power distributions were used, with 
b the slope parameter. 
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Calculations are for distributions of spheres. Inverse power distributions were used, with 
b the slope parameter. 
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Effects of various phenomena can be approximated with models and worked into 

the calculations. The largest effect was caused by particles bouncing off of pre-filters in 

the collection system and subsequently impacting onto sample filters. Ideally all particles 

larger than 3 I'm are caught by the pre-filter, but if even a few per cent impact onto the 

sample filter it has the same effect as decreasing the slope parameter by 20% to 50%. 

Increasing absorption in the Rayleigh region to about 50% of the value for disks approxi

mates the effect of highly non-spherical particles. Results were not significantly 

different from spheres because these small sizes represent only a very small volume 

fraction in samples. Effects of agglomeration were studied by assumir.g that porous 

spheres had the same absorption coefficients as smaller solid spheres. Porous spheres 

were 50% empty, so absorption of solid spheres with radii a factor of 0.51/ 3 smaller were 

used. Resulting spectra indicated that this model of agglomeration produced the same 

effect as increasing or decreasing the slope of distributions by up to 10%. 

3.3 Conclusions 

The different compounds have distinctly different absorption spectra. They do not 

resemble one another regardless of the size distribution used in calculations. It is these 

spectral signatures which will give insight into composition of unknown aerosols, even if 

size distributions are not known. Disordered carbon absorbs uniformly across the 

wavelenth range, while alpha iron oxide absorl?,s much more strongly at blue wavelengths 

than red wavelengths. 



CHAPTER 4 

PHOTOACOUSTIC MEASUREMENT OF POWDER ABSORPTION 

4.1 Relationship Between Photoacoustic Signal and Absorption 

Absorption coefficients for powdered samples can be obtained from measured quantities. 

The equation used to calculate absorption coefficients is derived in Appendix B and is 

the following: 

Cay = 

where 

C ay = absorption cross section per powder volume, 

A = area covered by particulates on filter, 

p = density of bulk material, 

M = mass of bulk material, 

SSN = photoacoustic signal for sample plus Nuclepore, 

SN = photoacoustic signal for blank Nuclepore filter, 

R = photoacoustic signal for reference, 

rN = fractional reflectivity of Nuclepore substrate. 

The term (Ap/M) is the inverse of the bulk material volume per unit surface area, and is 

independent of wavelength. The other term on the right hand side is the fractional 

absorption for the sample material, and every quantity in this term is dependent on 

36 
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wavelength. Absorption coefficients should theoretically be the same at each wavelength 

for all samples of the same material. A plot of fractional absorption versus volume per 

unit area should be linear for weakly absorbing samples, with absorption coefficients 

given by the slope. Heavily absorbing samples are not useful because of optical 

saturation. 

4.2 Measurement of Quantities in Absorption Coefficient Equation 

4.2.1 Particulate Volume per Unit Area of Filter, (Ap/M) 

Nuclepore substrates were weighed before and after collection of powders, with a 

Mettler analytical microbalance, and weight differences were assigned to powder mass. 

Individual sample masses ranged from 30 I-'g to 650 j.lg, corresponding to surface loadings 

from 3 I-'g/cm2 to 60 I-'g/cm2• The sample surface area is easily and accurately measured 

with calipers. Density of disordered carbon varies from 1.8 g/cm3 to 2.1 g/cm3 (Weast, 

1975, p.B9), and an average value of 1.95 was used in our calculations. Densities of 

alpha iron oxide (hematite), nickel oxide, and magnesium oxide are 5.24 g/cm3 , 6.67 

g/cm3, and 3.58 g/cm3, respectively (Weast, 1975, pp.B63-BI56). 

4.2.2 Reference Samples 

A reference sample was required for normalizing photoacoustic signals. Photo

acoustic signals from reference samples vary with wavelength because they depend on 

the power of the incident radiation. They also vary slightly with time, at fixed 

wavelengths, because of variations in the power output of each light source. A reference 

signal was measured each time a new set of samples was loaded into the photoacoustic 

cell. 

Reference samples used in our experiment were soot particles, generated from 

burning kerosene and oil, and collected onto Nuclepore filters. Several samples with 
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different masses were collected in order to ascertain a 100% absorption level, and photo

acoustic signals for these samples are plotted in Fig. 4.1. The signals did not change 

appreciably with increasing mass because they became saturated, and all incoming light 

was absorbed once sample m!lSses exceeded about 200 pg/cm2• 

Reference samples made by filtering black ink through Nuclepores were also 

explored. Ink samples absorbed less efficiently, per unit mass, then soot samples. The 

maximum ink signal obtained was about 75% of the maximum soot signal, and occurred 

when the ink mass was about 400 pg/cm2• Larger ink masses resulting in reduced 

signals. Perhaps optical energy was not transferred as efficiently to the surrounding air 

when thicknesses of samples were large, which is in agreement with the photoacoustic 

theory presented in section 2.2. Another possibility is that ink particles were packed 

together too densely, reducing transfer of energy to the air. This packing effect was 

reported in reference samples by Rohl, Palmer, and McClenny (1982). 

4.2.3 Nuclepore Filter Absorption and Reflection 

Absorption by 5-pm-pore Nuclepore filters is less than 1 % throughout most of the 

visible and near infrared region, but has an absorption peak of 7% at 0.4 pm. These are 

values obtained with our photoacoustic spectrometer, using soot reference samples for 

normalization. Fig. 4.2 shows the spectrum obtained with our instrument at a frequency 

of 10 Hz. It also shows the spectrum measured with a photoacoustic spectrometer 

belonging to T. Moore (1986), at a frequency of 22 Hz. Data provided by Moore had not 

been normalized; to compare his data with ours peak absorption values for both curves 

were normalized to the same value. Agrcdment between the two curves is very close in 

the region of the absorption band. Very small absorption levels at wavelengths greater 

than 0.5 pm are in the noise level of our instrument. 
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Figure 4.1. Photoacoustic signals for soot samples. 
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light source was a HeNe laser. 
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One other quantity needed for absorption coefficient calculations is the reflectivity 

of Nuclepore filters. This appears in a small correction to measured fractional 

absorption, and arises from an increase in absorption which occurs when photons are 

reflected back through the sample. There is some question whether a diffuse or spectral 

reflection value is needed, because particles and Nuclepores scatter some of the incident 

radiation. At green wavelengths measurements of diffuse transmission of Nuclepores 

have been made and are the same as direct transmission of polycarbonate plastic. This 

indicates that little radiation backscattered by 5-pm-pore Nuclepores adds to spectral 

reflection, which is reasonable because pores are so large that they scatter predominately 

in the forward direction. Spectral reflectivity (corrected for the area of pores on the 

filter surface) ranges from 0.16 at a wavelength of 0.4 pm, to 0.10 at near infrared 

wavelengths. 

4.2.4 Photoacoustic Signals 

Periodic voltage signals from the microphone were fed into a lock-in amplifier, 

which averaged peak voltages over several cycles. The use of a long time constant 

limited the severity of effects that acoustical disturbances and light source fluctuations (if 

occurring on shorter time scales) could have had on the signals. Four measurements were 

made in quick succession by rotating the photoacoustic cell, one measurement for each of 

four sample chambers within the cell. One chamber contained a black soot reference 

sample. The process was repeated for all wavelengths, without removing the samples. 

This procedure was designed to minimize variations in data occurring for reasons other 

than changes in absorption. 



4.3 Experimental Uncertainties 

All measured quantities had experimental uncertainties associated with them. 

Some uncertainties were systematic, some random, some affected the shape of the 

absorption spectra, others had the same effect at all wavelengths. 

4.3.1 Sample Mass 
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Masses of samples collected on 47 mm diameter filters were determined to within 

plus or minus 15 pg. Sample masses of controls, subjected to the entire collection process 

but without powder material, were typically less than 5 pg. Samples actually used in the 

photoacoustic cell were 6 mm diameter portions of larger initial samples; a relative 

uncertainty of 10%, in the mass of powder on the smaller disks, accounted for possible 

non-uniformity of surface loading on the larger disks. An error in a mass measurement 

would be a systematic error, causing all absorption coefficients determined for a sample 

to be off by a multiplying factor. 

4.3.2 Reference Samples 

Repeated measurements on soot references showed a variation of up to 5%, over 

the period of time typically used to acquire data for one set of samples at one wavelength 

interval. These random errors are associated with fluctuations in the light sources, and 

small changes in the locations of reference samples within the light beam. 

There may also have been a systematic uncertainty associated with the selection of 

a reference sample; it is not known if signal levels obtained from a reference are 

equivalent to 100% absorption by other samples. This error would be the same 

multiplying factor in all measured absorption coefficients. From experimental data for 

soot samples with different masses, .obtained at several wavelengths, it is believed that 

this systematic error would have approximately the same magnitude regardless of 
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wavelength. There is strong evidence that reference levels established in this experiment 

are accurate: absorption measurements were made with the present system on samples 

used by the author in a previous experiment--an experiment which proved that the pho

toacoustic method compared favorably with other methods (Ramsey-Bell and Couture, 

1985)--and the values were similar to those found in the earlier experiment. 

4.3.3 Nuclepore Absorption 

Repeated measurements of photoacoustic signals for different 5-l'm-pore blank 

Nuclepore filters differed by less than ten microvolts, regardless of wavelength. This 

variation included the effect of placing blank filters in different sample chambers within 

the photoacoustic cell. The signal itself ranged from about 10 microvolts at 0.546 I'm, to 

about 80 microvolts at 0.442 I'm, and depended on both the power of the incident beam 

and the fractional absorption of the Nuclepore. The resulting fractional absorption at 

these wavelengths was shown in Fig. 4.2. 

4.3.4 Photoacoustic Signal 

The dark signal for the photoacoustic system, measured with no light incident on 

the cell, fluctuated with a magnitude of plus or minus 5 microvolts, even when averaged 

over long periods of time. Sample signals similarly had an uncertainty of 5 microvolts, 

regardless of signal magnitudes and time constants. The degree to which photoacoustic 

signals were repeatable, for the same sample and wavelength, was a factor in the 

precision of the system. Tests of the repeatability showed in general a relative error of 

3%, including the effects of removing and reinserting samples into the cell. There was a 

minimum absolute uncertainty, in the repeatability, of about 10 microvolts. 
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4.3.5 Accumulation of Random Errors 

Uncertainties in blank Nuclepore absorption and reflection, repeatability of sample 

signals, and variability of reference signals contributed to the total random error 

associated with measurements of fractional absorption. For weakly absorbing samples 

there was a minimum uncertainty of 15 microvolts--the sum of 5 microvolts for blank 

Nuclepore absorption and 10 microvolts for the sample signal. If this quantity is 

normalized by typical values for reference signals, then a minimum uncertainty can be 

assigned to fractional absorption measured at different wavelengths. This ranges from 

0.04 at 0.405 I'm, to 0.003 at 0.633 I'm. The values are summarized for relevant 

wavelengths in Table 4.1. 

In practice, measurements at 0.405 I'm were not very useful unless fractional 

absorption by a sample was at least 0.04. Repetition of absorption measurements many 

times would have averaged out effects of random errors. In this experiment that was not 

practical--the measurements were very time consuming, and the powder samples were 

somewhat fragile. 
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Table 4.1. Minimum unc",rtainty in fractional absorption measurements. 

Wavelength (J.'m) Minimum Uncertainty 

0.365 0.02 

0.405 0.04 

0.442 0,0} 

0.546 0.02 

0.633 0.003 

0.70 0,0} 

0.80 0.006 

0.90 0.005 

1.00 0.005 
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4.4 Measurement Results and Comparisons with Calculations 

Results of measurements on two samples each of alpha iron oxide, carbon, and 

nickel oxide will be presented in several ways. First a graph will be'shown of fractional 

absorption versus particle volume per unit area, for different wavelengths. For optically 

thin samples results at each wavelength should be a straight line intersecting the origin, 

with a slope equal to the absorption coefficient. Second, measured absorption coefficients 

for both samples of each powder are plotted versus wavelength, showing magnitudes of 

any discrepancies between samples. And last, the accuracy of the method is indicated by 

a plot, versus wavelength, of average measured absorption coefficients and calculated 

values. The last graph has error bars indicating absorption values which overlap within 

the uncertainty range of both samples. Less detailed results are presented for absorption 

measurements on magnesium oxide. 

4.4.1 Magnesium Oxide 

Measurements on a sample of magnesium oxide, with a mass per unit area typical 

of the other samples, established sizes of photoacoustic signals for non-absorbing material. 

Absorption coefficients for magnesium oxide are plotted in Fig. 4.3. Error bars represent 

sums of random errors and uncertainties in mass loads on filters. Typical measured 

values are 0.03 per micron, corresponding to a fractional absorption of less than 0.5%. 

Calculated values are less than 0.001 per micron, regardless of size distribution, a level 

which is clearly too small to resolve with our spectrometer. The imaginary index that 

would be implied by our results is around 0.0005, a factor of 100 too high, but 

nonetheless constituting very weak absorption. 

Measured absorption coefficients are zero within the probable range of 

uncertainty. The photo acoustic method is therefore not strongly affected by scattered 
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0.9 1.0 

Number at the top of the figure gives the mass load of powder on the filter, in units of 
p,g/cm2• 



light, even at shorter wavelengths where volume scattering coefficients are high and 

Nuclepore fractional absorption values are several per cent. 

4.4.2 Alpha Iron Oxide 
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In Fig. 4.4 are plotted fractional absorption measurements versus volume per unit 

area. Vertical error bars show the range of uncertainty due to random errors, horizontal 

bars the range due to uncertainty in sample mass. Within error bars, straight lines 

passing through the origin could be drawn through the data for each wavelength. Lines 

connecting the data points are drawn in order to point out the deviations from straight 

lines. Curves for 0.365 JIm and 0.442 JIm tend to become more horizontal with greater 

mass loads. Absorption values are quite large at these wavelengths, and perhaps the 

larger sample was optically saturated. In contrast, curves for 0.633 JIm and 0.90 JIm 

become more vertical at higher mass loads, which may indicate that for relatively large 

amounts of weakly absorbing material there is multiple scattering. Multiple scattering 

errors are discussed in detail in section 4.4.5. 

Absorption coefficient measurements for alpha iron oxide are presented in Fig. 

4.5. Values for the two samples are in agreement within the error bars. Error bars 

include random uncertainties, but not the systematic uncertainties of mass measurements. 

A similar systematic increase (or decrease) at every wavelength would be expected if 

mass measurements were sufficiently in error, or if the efficiency of photoacoustic signal 

propagation strongly depended on mass loads. This type of systematic difference is not 

observed; but the more massive sample does have absorption coefficient values consis

tently lower than values for the lighter sample, at wavelengths below 0.6 JIm, and consis

tently higher above 0.6 JIm. These tendencies are in agreement with those observed in 

Fig. 4.3. 
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0.15 

Photoacoustic fractional absorption measurements are plotted versus particle volume per 
unit filter area. Straight lines passing through the origin are lines of constant absorption 
cross-section per unit particle volume, Cay. Results for two samples, with different mass 
loads, are shown. Numbers at the top of the figure give the mass load of powder on 
each filter, in units of JLg/cm2 • 
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Average measured absorption coefficients are plotted along with calculated values 

in Fig. 4.6. Error bars indicate the probable range of uncertainties in the measurements. 

Horizontal error bars give the bandwidth of optical filters, if they exceed 0.01 Jjm. 

Accuracy of measurements cannot be firmly established because of uncertainties in true 

values of absorption coefficients, which was discussed at length in Chapter 3. Measure

ments of the size distribution for a low concentration of dispersed iron oxide powder 

suggested an inverse power distribution, with a slope parameter of 2.1. It is possible that 

the heavily concentrated dispersions used for sample collection were more heavily 

weighted towards large particles. This is indicated in Fig. 4.6, where average data best 

fit a slope of about 1.4. The optical constants that were used to derive absorption coeffi

cients at wavelengths longer than 0.633 Jjm are for a single crystal axis, and only loosely 

apply to powder materials. No optical constants were found in the literature for 

ultraviolet wavelengths. There has been published an absorption spectrum for thin films 

produced by r.f.-sputtering (Marusak, Messier, and White, 1980), for wavelengths from 

0.2 Jjm to 1.0 Jjm. Their spectrum shows that absorption in the near infrared is smaller 

than at 0.6 Jjm, and that absorption at 0.35 Jjm decreases to values similar to those at 

about 0.44 I'm. Our data also shows very small absorption in the near infrared and a 

drop in absorption in the ultraviolet. The dotted line in Fig. 4.6 shows largest probable 

absorption coefficients that the photoacoustic system will measure for non-absorbing 

material, taken from magnesium oxide sample data. 

Measured absorption spectra for alpha iron oxide reasonably fit calculated spectra. 

Magnitudes of absorption coefficients and shape of spectra are consistent with each other. 

Alpha iron oxide samples provided a good test of the photoacoustic system because the 

masses of the two samples varied by a factor of 4, fractional absorption measurements for 
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Average photoacoustic absorption coefficients are compared to calculations for distribu
tions of spheres. Dashed lines are calculations for inverse power distributions, with slope 
parameter b, originally discussed in section 3.1.3. Dotted line is the noise level of the 
system. 
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the samples ranged from 0.3% to 20%, and the imaginary index of refraction varies by a 

factor of 500 between 0.4 I'm and 1 I'm. 

4.4.3 Disordered Carbon 

Curves of fractional absorption versus volume per unit area for carbon are shown 

in Fig. 4.7, for two wavelengths. Curves for additional wavelengths are not shown but 

are similar to the others. Plotted curves are almost straight lines. In one respect this is 

expected because saturation and scattering effects that may occur with high mass loadings 

should be slight in these very light samples. In another respect it is remarkable because 

the masses have a large relative error associated with them. In Fig. 4.8 it can be seen 

that measurements for carbon samples are in good agreement with each other at all 

wavelengths. 

Accuracy of the carbon measurements is shown in Fig. 4.9. Absorption coeffi

cients closely fit calculated values for an inverse power distribution, with a slope 

parameter of 1.2. The measured slope parameter for the dispersed carbon was 1.3. 

4.4.4 Nickel Oxide 

Fractional absorption versus volume per area is shown in Fig. 4.10 for nickel 

oxide. Nickel oxide is a relatively weak absorber. Curves for most wavelengths are 

similar to the one plotted for 0.90 I'm. The curve bends up with increased mass loading, 

an effect also seen in the weakly absorbing portion of the alpha iron oxide spectral data. 

Absorption coefficient measurements plotted in Fig. 4.11 demonstrate an increase in the 

absorption coefficient with higher mass loads, at most wavelengths. Actually, because 

this effect is fairly uniform across the spectrum, it may be due in part to a systematic 

error in mass measurements. 
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Figure 4.7. Absorption per unit volume for carbon powder. 

Photoacoustic fractional absorption measurements are plotted versus particle volume per 
unit filter area. Straight lines passing through the origin are lines of constant absorption 
cross-section per unit particle volume, Cay. Results for two samples, with different mass 
loads, are shown. Numbers at the top of the figure give the mass load of powder on 
each filter, in units of p.g/cm2. 
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Average photoacoustic absorption coefficients are compared to calculations for distribu
tions of spheres. Dashed lines are calculations for inverse power distributions, with slope 
parameter b, originally discussed in section 3.1.3. 
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Figure 4.10. Absorption per unit volume for nickel oxide powder. 

Photoacoustic fractional absorption measurements are plotted versus particle volume per 
unit filter area. Straight lines passing through the origin are lines of constant absorption 
cross-section per unit particle volume, Cav' Results for two samples, with different mass 
loads, are shown. Numbers at the top of the figure give the mass load of powder on 
each filter, in units of J,Lg/cm2, 
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Figure 4.11. Photoacoustic spectra for nickel oxide powder. 

Results for two samples, with different mass loads, are shown. Numbers at the top of 
the figure give the mass load of powder on each filter, in units of p.g!cmz. 
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Calculated curves for nickel oxide are shown along with measured average 

absorption coefficients in Fig. 4.12. Calculated values are independent of the size distri

bution over most of the spectrum. Their magnitudes are generally similar to maximum 

values expected for a purely scattering sample, shown by the dotted line on the graph. 

Nickel oxide measurements are substantially higher than calculated values between 0.4 

and 1.0 ~m. Between 0.7 ~m and 1.0 ~m the measured spectrum is somewhat similar in 

shape to calculated ones, especially considering the large bandwidth of the optical filters, 

but between 0.4 ~m and 0.7 ~m the shape is not right. Uncertainties in the measure

ments due to random error and systematic mass errors do not appear to be large enough 

to account for the inaccuracy. Some increase in absorption is probably due to multiple 

scattering within samples. Evidence of this was also seen in the infrared region of the 

iron oxide spectrum. 

It is puzzling that measured absorption values are off by such a large amount in 

regions around 0.5 ~m and 0.9 ~m, where calculated curves have minima, because the 

system can reliably measure absorption coefficients as low as 0.0 I per micron. It is 

possible that optical constants for pure crystals of nickel oxide are not appropriate for 

powder samples. Newman and Chrenko (1959) stated that if nickel oxide takes up excess 

oxygen by heating, or other means, the following changes occur: absorption maxima are 

increased slightly; the maxima at 0.7 ~m is shifted toward red; absorption minima are 

filled in substantially, to a degree dependent on the amount of excess oxygen. They also 

stated that these changes are observable visually, because the color shifts from green 

towards black as the absorption minimum around 0.5 ~m is filled in. Our samples had a 

grayish green color. 
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Average photoacoustic absorption coefficients are compared to calculations for distribu
tions of spheres. Dashed lines are calculations for inverse power distributions, with slope 
parameter b, originally discussed in section 3.1.3. Dotted line is noise level of system. 
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4.4.5 Effects of Mass Load on Absorption Coefficients 

Systematic discrepancies appear in the data, between samples of the same powder 

material, for mass loads greater than a few micrograms per square centimeter. The 

heaviest alpha iron oxide sample had an absorption coefficient about 0.75 times that of 

the lighter sample, at wavelengths shorter than about 0.6 J.Lm, where the imaginary index 

is somewhat larger than about 0.1. Heavier iron oxide and nickel oxide samples had 

absorption coefficients about 1.5 times those of the lighter samples, where imaginary 

indices are less than about 0.01 (the infrared region for iron oxide, and everywhere but 

the ultraviolet region for nickel oxide). The apparent saturation which occurred for 

heavier samples of strongly absorbing particles is consistent with the saturation seen in 

Fig. 4.1 for soot samples with mass loads of 60 J.Lg/cm:l. 

The increases in absorption, seen for heavier samples of weakly absorbing 

materials, is consistent with the theory presented by Vasa, Jackson, and Amer (1982) for 

isotropically scattering media. The theory of Vasa et aI. indicates that for scattering 

optical depths less than about 0.2, multiple scattering should not be a problem. At 

scattering optical depths of about 0.5, weakly absorbing materials (single scatter albedo 

> 0.9) show a 50% increase in absorption, and strong absorbers (single scatter albedo of 

0.5) are not affected. Scattering optical depths of unity cause about a factor of two 

increase in absorption. Calculations of scattering coefficients, single scatter albedos, and 

asymmetry factors, for our powders, were made at the same time as absorption 

coefficient calculations. Weakly absorbing powders with size distributions like those in 

this experiment generally had scattering coefficients of about 6 per micron, implying an 

optical depth of about 0.5 for the heaviest iron oxide and nickel oxide samples. This 

optical depth is consistent with the 50% enhancement in absorption, per unit particle 

volume, measured for heavier samples, compared to lighter ones. 
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Yasa et aJ. showed that an increase in absorption due to multiple scattering is 

almost independent of the fractional absorption of the sample (as long as the fractional 

absorption of the sample is less than about 0.1, and the scattering optical depth is less 

than one), but is dependent on scattering optical depth. Scattering optical depths, 

according to our calculations for powders with high single scattering albedos, do not vary 

much with wavelength, even when fractional absorption does. Measured absorption 

spectra, in weakly absorbing regions, should therefore have the same shape regardless of 

optical depth. Absolute magnitudes of measured absorption coefficients should increase 

with increasing optical depth. Patterns observed in our measured absorption coefficient 

spectra, for iron oxide in the infrared and nickel oxide, closely follow this predicted 

behavior. 

4.5 Conclusions 

Measured absorption spectra for alpha iron oxide agree reasonably well with 

calculated values, with absorption coefficients ranging from 0.1 to 2 per micron. Because 

of uncertainties in the measurements, 0.1 per micron was also the lowest absorption 

coefficient that could be unquestionably resolved for the powder samples. Disordered 

carbon measurements were in excellent agreement with calculated values. Absorption 

coefficients measured for very weakly absorbing magnesium oxide were about a factor of 

100 too high, but were within the noise limits of the system (they would represent a 

material with an imaginary index of about 0.0005). An absorption minimum at green 

wavelengths in calculated spectra for nickel oxide was not reproduced in the measure

ments, but it is possible that optical constants used for the calculations were not 

appropriate for our powder samples. 

Random errors in measurements limit the range of absorption coefficients 

measurable with this system. If they were reduced, for example by increasing the 



strengths of light sources, it is likely that small amounts of materials with imaginary 

indices substantially smaller than 0.002 could be studied. 
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There are indications that measured value~ of absorption coefficients were 

dependent to some extent on the masses of samples. This was not necessarily a 

fundamental problem with the photoacoustic system, which may have measured actual 

absorption by samples, but is associated with having samples that are not optically thin. 

For samples under a few tens of micrograms per square centimeter reduction of 

absorption coefficients by optical saturation probably does not exceed about 50%, and 

increases in absorption coefficients due to multiple scattering probably do not exceed a 

factor of two. The overall effect is to smooth out peaks and valleys in absorption 

spectra. The most significant result of the powder experiment is that photo acoustic 

spectra identify characteristic absorption properties of a wide range of particulate 

materials. In Fig. 4.13 measured spectra for all powders are compared, and it can be 

seen that they are clearly distinguishable from each other. 
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1.0 

A comparison between average photoacoustic absorption coefficients, for powders with 
varied optical constants, is shown. Magnesium oxide measurements are within the noise 
level of the system. 



CHAPTER 5 

COLLECTION OF ATMOSPHERIC PARTICLES 

Aerosol particles were collected at two locations in southern Arizona. The principle 

location was on the peak of a sparsely populated mountain. Previous experiments 

indicated that during winter months pollutants from nearby sources were seldom 

transported there (Twomey, 1983). The aerosol at this location is a reasonable representa

tion of mid-tropospheric background aerosol over a continent. The other site was in 

Tucson, a lightly industrialized urban area with 500,000 inhabitants. It was chosen to 

contrast with the relatively unpolluted high altitude site and demonstrate differences 

between the two types of locations. 

Particles in the atmosphere have sizes ranging over several orders of magnitude, 

from about 0.001 ISm to to ISm. For the absorption study particles were collected in 

basically two size ranges, greater than 0.5 ISm and less than 0.5 ISm. Chemical 

composition and optical absorption may vary with size. Condensation is responsible for 

particles smaller than 0.1 ISm, eroding of solid material creates particles larger than 0.1 

ISm (Twomey, 1977, p.2). 
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5.1 Collection Sites 

5.1.1 Geographical and Political Features 

A map of the main geographical features in southcentral Arizona is presented in 

Fig. 5.1. To the north of Tucson is the Santa Catalina mountain range. The backbone of 

this range is about 10 km in extent and is aligned northwest to southeast. Mt. Lemmon 

is on the west end of this ridge and is the highest point. Its elevation is 2791 m (A.S.L.). 

Aerosol samples were collected on the ridge, about 1/2 km west of the summit and a few 

vertical meters below it. Particle collectors were housed in a large laboratory building and 

had air inlets extending 2 meters out from the building, 8 meters above the ground. In 

Tucson, aerosol collectors were located on the roof of a 15 meter building on the 

University of Arizona campus. 

The map in Fig. 5.1 also shows the main pollution sources which may contribute 

to the aerosol at Mt. Lemmon. The entire region is low in population with the exception 

of the Tucson and Phoenix metropolitan areas. Phoenix is heavily polluted but quite 

distant from Mt. Lemmon, about 160 km to the northwest. The moderately polluted city 

of Tucson is 25 km southwest of the peak. Motor vehicles are probably the sources for 

most manmade airborne material in Tucson. The Magma copper smelter is about 25 km 

northwest of Mt. Lemmon, near the mining town of San Manuel. This smelter emitted 

an average of 260 tons of sulfur daily, during the period of November, 1985 through 

April, 1986 (Chelgren, 1986). Average aerosol mass loadings measured at different 

locations in southcentral Arizona range from 16 JJg/m3 to 115 JJg/m3 on a list (Table 5.1) 

compiled by the Arizona Department of Health Services (Chelgren, 1986). 
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Table 5.1. Particulates concentrations in south central Arizona. 

This table shows ambient total suspended particulates concentrations, annual geometric 
mean (l'g/m3 ), in southern Arizona. 

Location 1981 1982 1983 1984 

Phoenix 115 82 95 113 

Tucson 71 63 54 70 

Sierra Vista 53 45 48 52 

San Manuel 49 36 33 39 

Organ Pipe N .M. 34 24 16 19 
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5.1.2 Meteorological Factors 

Tucson is known for its mild, dry winter climate. Precipitation occurs only for 

isolated periods when Pacific storms move far enough south. At high elevations in the 

Santa Catalina mountains an average of two meters of snow falls annually. In between 

the storms it was possible to collect particles on Mt. Lemmon for periods lasting several 

weeks. 

One factor influencing the amount of polluted air reaching Mt. Lemmon is 

vertical mixing between the surface and overlying layers. There is a method for 

estimating the amount of vertical mixing occurring on a given day (Shaw and Munn, 

1971): the free convection mixing level is the height to which a parcel of air initially at 

the surface will rise adiabatically in the absence of forced convection. The maximum 

value of this level is determined by the highest temperature of the day. This level is 

usually below the Mt. Lemmon collection site during winter months. Weekly averages 

for the maximum free convection mixing level in the vicinity of Tucson are shown in 

Fig. 5.2 for November, 1985 through April, 19&6. These were computed with radiosonde 

data from the National Weather Service balloon launches at Tucson International Airport. 

They were generally below the 2.8 km altitude of Mt. Lemmon until warm weather 

arrived in March and surface layer temperatures began to surpass 30oC. Profiles of 

number concentrations and mass concentrations as a function of altitude above Tucson 

were obtained with an aircraft by Reagan et al. (1977) on November 20, 1974, shown in 

Fig. 5.3. During the flight, temperature inversions at 2.4 km (A.G.L.) and 2.6 km 

(A.G.L.) defined the top of the mixed layer. Particle concentrations were relatively 

constant throughout the mixed layer, dropping by about an order of magnitude above it. 

The amount of pollution reaching Mt. Lemmon from Tucson and San Manuel 

depends partiy on local wind patterns. Surface wind data for Tucson in Table 5.2 (Sellers 
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Table 5.2. Tucson surface wind direction. 

These are average prevailing wind directions for data collected from 1948 to 1955. 
Numbers in parentheses are percentage of time wind blows within 450 of prevailing 
direction. 

0:20 am 

6:20 am 

12:20 pm 

6:20 pm 

Oct. 

SE (74) 

SE (88) 

ESE (28) 

NNW (51) 

Jan. 

SE (74) 

SE (78) 

SE (41) 

NNW (51) 

Apr. 

SSE (74) 

SE (85) 

WNW (46) 

WNW (70) 



73 

and Hill, 1974) show a prominent mountain-valley type circulation. Air overlying the 

slopes heats and cools more rapidly than air over the valleys, producing a wind directed 

up valley from the northwest during the hotter part of the day and downvalley from the 

southeast the rest of the time. Wind data are not available for San Manuel on the north 

side of the Santa Catalina range, but it has a similar mountain-vaHey orientation. In both 

cases surface winds are directed away from Mt. Lemmon. 

Upper level winds also playa role in air quality at Mt. Lemmon. Buoyant air 

heated by the surface during the warmer part of the day can rise up a kilometer or two 

even during winter months. Monthly averaged upper level wind directions are shown in 

Table 5.3, for 3.0 km (A.S.L.) data for an 11 year period beginning in 1973 (Warren, 

1986), and are most commonly southwesterlies. Weekly averaged upper level wind 

directions are shown in Table 5.4, for 2.75 km (A.S.L.) radiosonde data for winter 

months in 1985/86, and are most commonly west through southwest. Certain upper level 

wind directions, when combined with afternoon surface wind patterns, present the largest 

likelihood of transporting urban air or smelter effluent to Mt. Lemmon. These 

directions are southwest through southeast for Tucson sources and northeast through east 

for the San Manuel smelter. They are very uncommon, even on a daily basis, with the 

exception of southwesterlies. This direction includes only the northwest corner of the 

Tucson area. 

5.1.3 Laboratory Instrumentation 

Monitoring instruments were located in the Cosmic Ray Laboratory on Mt. 

Lemmon. These included a temperature sensor and a humidity sensor, an integrating 

nephelometer, and a wind vane. The instruments were interfaced to a personal computer 

and data were recorded every ten minutes. 
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Table 5.3. Tucson upper level wind direction, at 3.0 km. 

These are average prevailing wind directions for data collected from 1973 to 1984. 
Numbers in parentheses are percentage of time wind blows within 450 of prevailing 
direction. 

Oct. Nov. Dec. Jan. Feb. Mar. Apr. 

sw sw sw sw wsw sw sw 
(50) (47) (45) (42) (50) (62) (64) 
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Table 5.4. Wind direction at 2.8 km, during sampling. 

Data are weekly averages. Radiosonde data are from balloons launched at Tucson 
International Airport; the wind vane was mounted on the Cosmic Ray Laboratory. 
Numbers in parentheses are the percentage of time wind blows within 450 of prevailing 
direction. 

Month, days Radiosonde Wind Vane 

Nov. 1985 
8 -. 15 WSW (80) WNW (60) 
16 -. 23 WSW (85) S (70) 
24 -. 30 WSW (100) NNW (55) 

Dec. 1985 
1 -.7 W (90) S (60) 
8 -. 15 NW (50) W (50) 
16 -. 23 NNE (65) WSW (65) 
24 -. 31 WSW (60) 

Jan. 1986 
1 -.7 NW (75) WNW (50) 
8 -. 15 ESE (65) SSW (65) 
16 -. 23 SW (75) 
24 -. 31 SW (80) 

Feb. 1986 
1-.7 W (70) 
8 -. 15 WSW (100) 
16 -. 23 W (70) 
24 -. 28 SSE (70) 

Mar. 1986 
1-.7 NW (45) 
8 -. 15 WSW (90) 
16 -. 23 W (70) 
24 -. 31 SW (55) 

Apr. 1986 
1-.7 SW (90) 
8 -. 15 WSW (100) 
16 -. 23 SW (85) 
24 -. 30 WSW (100) 
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Weekly averages of wind direction are presented in Table 5.4. Local winds were 

generally out of the south or west. Roads and small settlements located on Mt. Lemmon 

are mainly to the north and to the east of the laboratory. 

The Charlson integrating nephelometer measured the atmospheric aerosol scattering 

coefficient at visible wavelengths (Ahlquist and Charlson, 1967). Particles in the 0.1 J.lm 

to 0.6 J.lm size range are responsible for most of the scattering (Twomey, 1977, p.229). 

Weekly averages and standard deviations of the 5:00 (M.S.T) and 17:00 (M.S.T.) readings 

are plotted in Fig. 5.4. The average aerosol scattering coefficient observed for December, 

1985 through February, 1986 was 0.4xlO-5 m-1, less than half the molecular scattering 

coefficient for that altitude. In contrast, the average value in Tucson observed with the 

same instrument in July, 1986 was 4xlO-5 m-1, or about three times the molecular 

scattering coefficient. Weekly averages larger than 0.8xI0-5 m-1 on Mt. Lemmon only 

occurred in March and April, when the calculated free convection mixing level exceeded 

3.6 km, and once in February when the prevailing upper level winds were from the 

direction of Tucson. 

Monitoring instruments were used to minimize the impact of local pollution and 

inclement weather on aerosol samples. A single sample would typically need to run 

several days before accumulating enough particles for absorption analysis. Steps were 

taken to temporarily interrupt the collection process if unfavorable conditions occurred, 

for example high humidity or high nephelometer readings. Fig. 5.5 is a flow chart for 

the sample collection routine. Environmental sensors fed data to the computer for local 

conditions. The computer was interfaced to relays which were used to turn air pumps 

off when conditions were unfavorable. Twenty-four-hour timers turned air pumps off 

during the afternoons in the spring when mixing levels often exceeded the top of Mt. 

---"----------------------------
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Lemmon. A transmitter in Tucson could be used to turn pumps off remotely, via 

telephone lines, if unusual situations such as forest fires or lightning storms arose. 

5.2 Aerosol Samples 
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Particles were collected in three approximate size categories: larger than 0.5 J.Lm, 

smaller than 0.5 J.Lrn, and all particle sizes. Particles smaller than 0.0 I J.Lm and larger than 

10 J.Lm do not contribute appreciably to total atmospheric aerosol mass. Filtration and 

impaction methods were used for aerosol collection. 

5.2.1 Aerosol Number and Mass Distributions 

Different techniques are used to measure size distributions for large and small 

particles. In Fig. 5.6.A is a size distribution for small particles measured on the roof of a 

15 m building at the University of Arizona campus. They were obtained by Twomey and 

Zalabsky (1981) with a mUltiple filter transmission technique. An average size distribu

tion for large particles, in the lower kilometer of the atmosphere above Tucson, was 

measured by Reagan et aI. (1984). Different sizes of particles were collected on 

successive stages of a balloon borne cascade impactor. The mass collected on each stage 

was used to infer the number distribution (Fig. 5.6.B) and gave directly the mass distri

bution (Fig. 5.6.C). AlI number distributions show a rapid decrease in number concen

tration with increasing radius for particles larger than om J.Lm. The mass distribution 

does not exhibit this same behavior because the mass uf a partide is proportional to the 

cube of its radius. Total mass concentrations for particles larger and smaller than 0.5 J.Lm 

are of the same order of magnitude. 

Few data are available on distributions at 3 km, the altitude of Mt. Lemmon. 

Reagan et aI. (1977) did make some measurements with an optical particle counter 

mounted in an aircraft flown above Tucson, Fig. 5.7. The two lower curves in the figure 
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were made above the mixed layer, the other curves within it. The shapes of all size 

distributions are similar, even though number concentrations were about an order of 

magnitude smaller above the mixing level. 

5.2.2 Particle Collectors 
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Collection methods used in this experiment fit into two categories, diffusion and 

inertial. Particles can diffuse to surfaces within a filter. This process increases in 

effectiveness with decreasing particle size and decreasing flow rate. Inertial methods are 

based on the fact that relatively massive particles can not follow sharp bends in a stream 

line and can be forced to impact onto a surface. They increase in efficiency for larger 

particles and higher flow rates. 

Two types of particle collectors were used in our experiment, filtration and jet 

impactors. Filtration types retain small particles by diffusion within filter pores. They 

collect large particles by impaction onto the filter face when streamlines bend to enter the 

pores. Particles with dimensions similar to pore diameters are directly intercepted. These 

three processes are illustrated in Fig. 5.S.A. The filters were thin polycarbonate 

membranes with evenly spaced cylindrical pores, manufactured by the Nuclepore 

Corporation. Jet impactors are simply a cylindrical jet placed a short distance, on the 

order of the jet diameter, above a flat plate. Large particles impact onto the plate, as 

shown in Fig. 5.S.B. A Nuclepore filter was placed onto the plate before each sampling 

period, so that particles were collected onto the filter. 

5.2.3 Collection System Design 

Three design criteria had to be met. The most important of these was collection 

of enough material on each sample for a meaningful absorption measurement. Fractional 
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B 

Figure 5.8. Illustrations of collection processes. 

(A) is a schematic of interception, impaction, and diffusion mechanisms for a membrane 
filter. (B) is a schematic of the impaction mechanism for a jet impactor. 



absorption of a few percent was optimal. The second goal was to acquire samples of 

coarse particles and sub-micron particles on separate filters. 
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Mass collected on a filter is a product of four quantities: particulate mass loading 

in the atmosphere, length of sampling period, fraction of total mass removed by 

collectors, and flow rate. Sampling periods were kept short as possible--the chance that 

severe weather, prolonged power outages, or equipment failure would cause destruction 

of the sample increased with time. The fraction of mass removed depended on the 

collection method and flow rate. Collection by diffusion is less efficient at high flow 

rates. The inverse is true for impaction. Large flow rates were chosen because most 

atmospheric particle mass is in a size range that is collected more effectively by 

impaction than by diffusion. 

A schematic of the sampling system is in Fig. 5.9. The two leftmost collectors in 

the figure were designed for size segregation. The jet impactor, at the first stage, 

efficiently captured particles larger than 0.5 Jjm. The filtration collector, at the second 

stage, removed most remaining particles larger than 0.1 Jjm by impaction, and a fraction 

of those smaller than 0,01 Jjm by diffusion. The filtration type collector on the far right 

in Fig. 5.9 collects all particle sizes. It is identical to the other filtration collector, but 

additionally collects particles larger than 0.5 Jjm by impaction and interception. 

5.2.4 Collection Efficiency Calculations 

Theories exist for calculating the collection efficiencies of both jet impactors and 

membrane filters. The collection efficiency is a function of particle size. It most 

commonly refers to the fraction of particles of a given size which are collected. The 

geometry of the collector and the air velocity within the collector are two of the factors 

affecting the efficiency. 
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Figure 5.9. Air flow schematic for particle collection. 
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The jet impactor design used at our collection sites had a 6.4 mm diameter jet 

placed 3.2 mm away from the plate. Air flow through the jet was 3.5 liters per second, 

resulting in a velocity of 120 meters per second. Nuclepore filters placed on the plate to 

collect particles were coated with a solution of ten per cent silicone diffusion pump oil 

dissolved in hexane. The reason for this was to limit particle "bounce off', the 

rebounding of particles off the surface back into the airstream (Marple and Willeke, 

1979). A lot of work on jet impactor theory has been done by Marple and Liu (1974). 

They obtained numerical solutions o£ the Navier Stokes equation and then generated 

particle trajectories. Their results are plotted in Fig. 5.10 for a jet impactor like ours but 

having a slightly lower Reynolds number (25,000 versus our 36,000). The efficiency of 

the collector changes from a very small value to a very large value over a small particle 

size range centered at 0.5 pm. 

A straightforward estimate of jet impactor collection efficiency is the Stokes 

number (Twomey 1977, p.58). This dimensionless quantity is equal to the stopping 

distance for the particle (distance needed for viscous drag to stop a particle initially in 

motion relative to a fluid) divided by the radius of the jet. This parameter is plotted in 

Fig. 5.10, with collection efficiency equated to unity for Stokes numbers greater than one. 

A widely used theory for filtration collection efficiency was developed for 

membrane filters by Spurny and Pich (Spurny et aI., 1969 and Pich, 1964). This theory 

takes into account collection by diffusion, impaction, and interception. The filters used 

for our aerosol collectors are 5-l'm-pore Nuclepore filters, 10 I'm thick. Flow rates of 

about 0.3 liters per second through a 6.35 mm diameter sample area resulted in a velocity 

at the filter face of about 12 meters per second. The collection efficiency calculated for 

these parameters is plotted in Fig. 5.10. 
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Figure 5.10. Collection efficiencies for samplers. 
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This graph shows the fraction of particles with a given radius theoretically collected by 
each sampler. The curves refer to collection efficiencies for: (a) jet impactor--numerical 
solution, (b) jet impactor--Stokes number, (c) filtration sampler, (d) filtration sampler 
downstream from jet impactor. 
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There has been some experimental verification of collection efficiency theories for 

jet impactors (Mercer and Stafford, 1969) and filtration type collectors (Spurny and 

Madelaine, 1971, John et al., 1983, Buzzard and Bell, 1980, Liu and Lee, 1976). These 

experiments are very difficult and have not been done for all possible combinations of air 

velocities and collector geometries. Air velocities used in our collectors were relatively 

high. This was necessary in order to collect enough material for analysis, even over a 

period of several days, in the clean conditions on Mt. Lemmon. 

5.3 Summary 

A mid-tropospheric site, located at the peak of a 2.8 km mountain, and an urban 

site were used in our study of atmospheric aerosol absorption. Background conditions, 

based on a stringent set of criteria, were believed to have persisted through a large 

fraction of the 1985/86 winter season on Mt. Lemmon. Aerosol particles were collected 

by impaction and filtration onto Nuclepore substrates. Particles were segregated into 

different size ranges during the collection process. 



CHAPTER 6 

PHOTOACOUSTIC MEASUREMENT OF ATMOSPHERIC AEROSOL ABSORPTioN 

Atmospheric particle samples have many similarities to powder samples, investi

gated in Chapters 3 and 4. The photoacoustic fractional absorption measurement 

technique is identical for powder samples and atmospheric samples, although the method 

of conversion to absorption coefficients is different for the two cases. Absorption coeffi

cients for atmospheric aerosol are defined as absorption cross sections per unit volume of 

atmosphere, rather than unit volume of bulk particulate material. Atmospheric aerosol 

absorption coefficients can be used directly in many radiative transfer problems without 

assumptions about size distributions and concentrations of dispersed material. 

Experimental uncertainties for measurements on atmospheric samples are 

discussed, and compared to those for powder samples. Results of photoacoustic measure

ments on a relatively thick and essentially non-absorbing ammonium sulfate sample are 

presented. 
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6.1 Relationship Between Photoacoustic Signal and Absorption 

Derivation of absorption coefficients from fractional absorption measurements is 

outlined in Appendix B. The resulting relationship is: 

where 

b~. :, Ex [1~N--\l' 
bAP = atmospheric aerosol absorption coefficient, 

A = area covered by particulates on filter, 

F = air flow rate, 

t = length of sampling period, 

Ex = collection efficiency for size range X, 

SSN = photoacoustic signal for sample plus Nuclepore, 

SN = photoacoustic signal f?r blank Nuclepore filter, 

R = photoacoustic signal for 100% absorbing reference, 

rN = fractional reflectivity of Nuclepore substrate. 

Aerosol absorption coefficients, bAP • are measured for three size ranges: a jet impactor 

collects particles with radii greater than approximately 0.5 I'm; a filtration sampler, in 

series with the impactor, collects sizes less than approximately 0.5 I'm; and a single-stage 

filtration sampler collects all particle sizes. Collection efficiencies, Ex, are fractions of 

aerosol mass collected by each sampler in specific particle size intervals. The length 

(Ft)/ A is the volume of air pumped through a sample, divided by the sample area. The 

term in brackets is fractional absorption, and is measured photoacoustically at 

wavelengths between 0.365 I'm and 1.0 I'm. 

~--- --------------------------------------



91 

6.2 Measurement of Quantities in Absorption Coefficient Equation 

6.2.1 Length of Air Column, (Ft)/ A 

Collection periods, sample area, and air flow rates are measured with standard 

equipment. Sample areas are 0.3 cm2• Typical sampling periods ranged from 10 hours to 

100 hours on Mt. Lemmon, and I hour to 8 hours in Tucson. The flow rate was 3 liters 

per second for the jet impactor and 25 liters per minute for filtration samplers. 

6.2.2 Mass Collection Efficiency 

Mass collection efficiencies are calculated from theoretical size collection 

efficiency curves for each sampler (Fig. 5.10) and atmospheric size and mass distributions 

measured near collection sites (Figs. 5.6 and 5.7). Results for mass collection efficiencies 

are summarized in Table 6.1. 

6.2.3 Fractional Absorption 

Fractional absorption was measured with exactly the same method used for 

powders, discussed in sections 4.2.2 through 4.2.4. 



92 

Table 6.1. Mass collection efficiencies. 

Calculated values for fraction of ambient aerosol mass in various size ranges collected by 
each sampler. First-stage impactor and second-stage filtration sampler are in series. 

Aerosol Size Range First-Stage Second-Stage Single-Stage 
Impactor Filtration Filtration 

Fine < 0.05 0.8 ± 0.1 0.8 ± 0.1 
(O.02J'm < r < 0.5J'm) 

Coarse 0.95 ± 0.05 < 0.05 0.95 ± 0.05 
(O.5J'm < r < 5J'm) 

Total 0.52 ± 0.04 0.34 ± 0.05 0.88 ± 0.05 
(O.02J'm < r < 5J'm) 
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6.3 Experimental Uncertainties 

6.3.1 Air Flow Rate 

Flow rates were measured at the beginning and end of sample periods. On 

occasion, accumulations of particles within filter pores caused the flow rate to change 

during collection. A venige flow rates are used, and differences between initial and final 

values are experimental uncertainties. This systematic error does not alter the shape of 

normalized absorption spectra. 

6.3.2 Mass Collection Efficiency 

Particle bounce is a source of uncertainty in coIlection efficiency calculations for 

jet impactors. Particles impacting at high speed onto filters may bounce off and be 

entrained into the air stream, affecting coIlection efficiencies of p~rticles with Stokes 

numbers greater than about 0.2 (Cheng and Yeh, 1979). Air velocity in our jet impactor 

was about 100 meters per second. Stokes numbers were discussed in section 5.2.4; a value 

of 0.2 corresponds to a particle radius of about 0.5 /.lm for our impactor. Sticky coatings 

applied to impaction surfaces can improve adhesion. The most satisfactory coating in 

tests by Marple and Liu (1974) was 1% silicone oil in hexane; the hexane evaporates and 

a thin layer of oil remains. Nuclepore filters used in our impactor were coated with a 

solution of 10% DC705 silicone diffusion pump oil dissolved in hexane. Tests of size 

coIlection efficiency for our jet impactor were made with a Climet 208 optical particle 

counter in ambient air. Results were that 85% of the particles above 0.5 I'm radius were 

coIlected when filters were coated with the oil solution, and 50% were coIlected with 

uncoated filters. The result for the coated filter is in agreement with the calculated value 

for zero bounce-off. 
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Particle bounce probably reduced collection efficiencies of filtration samplers 

because the filters were not coated with oil. Air velocity at the filter face is about 10 

meters per second. Equipment was not available for measuring these collection efficien-

cies, but data for uncoated 5-l'm-pore Nuclepores presented by John et al. (1983) 

indicate a significant efficiency reduction at velocities of a few centimeters per second 

for particles larger than about I I'm radius. Collection of particles larger than 5 I'm is 

not affected by bounce-off because of the pore size. Estimates of bounce-off errors can 

be made by comparing absorption by simultaneously collected oiled and unoiled filtration 

samples. Ratios between absorption coefficients measured for simultaneously collected 

single-stage filtration samples, first-stage impaction samples, and second-stage filtration 

samples can be used also. 

For calculations of mass collection efficiencies, there is an uncertainty associated 

with choice of atmospheric size distribution. An inverse power distribution with 

maximum particle size of 5 J,im and minimum size of 0.02 I'm was used. This is the 

approximate size distribution for aerosol in the vicinity of Tucson and Mt. Lemmon, 

based on measurements presented in Figs. 5.6 and 5.7. For all sizes the distribution is 

assumed to satisfy the equation: 

d N(log r) = C r-b 
d log r 

where b = 2.8 ± 0.3. C is an arbitrary constant related to concentration and N is the 

number density of particles larger than radius r. An increase in b of 10% will decrease 

mass collection efficiencies by 1% to 5%, depending on the type of sampler. 

It is desired that measured aerosol absorption coefficients accurately describe 

material dispersed in the atmosphere. Mass collection efficiencies, and fractional 

absorption measurements on collected a~rosols, are used in absorption coefficient calcula-
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tions. Mass collection efficiencies are averages, found by integrating over particle size. 

This can lead to an appreciable error if absorption cross sections per particle volume, and 

collection efficiencies, simultaneously vary with size. Calculations were made with model 

aerosols to explore the possible magnitude of this type of error. Size-averaged absorption 

cross sections, per unit particle volume, were calculated with Mie theory and the 

collection efficiencies for our samplers. These values were compared with size-averaged 

absorption cross sections calculated with a collection efficiency of unity. Both results are 

very similar. In these calculations it was assumed that atmospheric material is character

ized by a single imaginary index throughout the size range collected by each sampler. 

The extent of errors from making this assumption are unknown. It is possible to greatly 

underestimate absorption coefficients if particle sizes collected least efficiently absorb 

much more strongly than the others. Size segregation in our sampling system will provide 

some knowledge of the dependence of aerosol absorption on particle size. 

6.3.3 Reference Samples and Photoacoustic Signals 

Uncertainties in these quantities are the same as for powde, samples, and were 

discussed in sections 4.3.2 and 4.3.4, respectively. 

6.3.4 Blank Nuclepore Optical Properties 

Atmospheric particles larger than about 0.5 ~m were collected with a jet impactor 

onto oil coated 5-~m-pore Nuclepore filters. Oil reduces loss of particles from bounce

off, discussed in detail in section 6.3.2. One drop from a solution of 10% oil in hexane 

was applied to each Nuclepore, and spread uniformly across the filter this volume of oil 

(approximately 10-3 cm3 ) produces a layer less than I ~m thick. Photoacoustic absorption 

measurements for coated and uncoated blank 5-~m-pore Nuclepores were very similar. 

Optical transmission spectra for one centimeter of oil, measured in a Carey 14 
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spectrometer, showed no appreciable absorption. The real refractive index of the oil is 

coincidentally very close to that of Nuclepore material, about 1.6. 

6.3.5 Multiple Scattering Effects 

Experiments on powders showed that filter loads heavier than a few micrograms 

per square centimeter, with single-scattering albedos greater than approximately 0.9, had 

load-dependent absorption coefficients. An explanation using multiple scattering was 

given in section 4.4.5. Theoretical enhancement of absorption is a factor of 1.5, 2, 2.5, 

and 3, for scattering optical depths of 0.5, I, 5, and 10, respectively. Enhancement of 

absorption for atmospheric samples, with varioU'; mass loads, can be estimated from their 

scattering optical depths. 

Scattering optical depth is the product of scattering cross section per unit particle 

volume and particle volume per unit filter area. Scattering cross sections per unit particle 

volume can be modelled for atmospheric samples with the procedure used for powder 

samples, outlined in Appendix A. Particle volume per unit area is the mass load on the 

filter (in units of mass per area) divided by particle density. For a scattering optical 

depth of about ten the required filter mass loads in pg/cm2 are 2000, 200, and 400, for 

first-stage impaction, second-stage filtration, and single-stage filtration samples, respec

tively. 

Atmospheric samples can have mass loads of a few hundred micrograms per 

square centimeter. Mass loads can be estimated from the product of: aerosol mass per 

unit volume of atmosphere, mass collection efficiency, and volume of atmosphere 

pumped through the samplers. Aerosol mass per volume of atmosphere can be calculated 

from integrating nephelometer measurements of in-situ aerosol scattering coefficients, 

made throughout collection periods (Charlson, Ahlquist, and Horvath, 1968). Samples 

with mass loads greater than about 500 pg/cm2 will not be used for absolute absorption 
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measurements. This is because experiments on thick black ink samples, discussed briefly 

in section 4.2.2, indicated that samples with mass loads of about 500 J,lg/cm2 had photo

acoustic signals about 20% too low. 

Absorption results can be absolute or normalized. For samples with single 

scattering-albedos greater than about 0.9, and fractional absorptions less than about 0.2, 

normalized absorption spectra will be the same regardless of the amount of multiple 

scattering. Absolute absorption magnitudes will, however, be increased by multiple 

scattering. These effects were seen in spectra for powder samples discussed in section 

4.4.5. By coincidence, scattering optical depths calculated for different samplers, using 

the method outlined in this section, are about equal for samples collected simultaneously. 

This is explained by the fact that the sampler having the highest volumetric flow rate, 

the jet impactor, collects particle sizes with proportionately lower scattering coefficients 

per unit particle volume. Ratios of absorption measurements, for samples collected sim

ultaneously from different size ranges, therefore do not need multiple scattering 

corrections. 

6.3.6 Relative Humidity Effects 

Samples were usually collected during periods of low relative humidity. Collection 

sites are in a desert environment. Storage of samples and absorption measurements were 

carried out in relative humidities less than 40%. Volume fractions of water in typical 

aerosol particles will vary with relative humidity (Nilsson, 1979) due to the presence of 

hygroscopic materials. However, bulk water is optically transparent (Hale and Querry, 

1973) in the wavelength interval used for this experiment, and it is assumed that aerosol 

absorption coefficients will not be greatly affected by small changes in relative humidity. 
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6.4 Results of Absorption Measurements on Ammonium Sulfate 

It was verified in section 4.4.1 that small mass loadings of non-absorbing 

magnesium oxide particles had insignificantly small photoacoustic signals. Mass loads for 

atmospheric samples may exceed those of pure powder samples studied in Chapters 3 and 

4, especially single-stage jet impactor samples. The impactor collects particles larger than 

about 0.5 I'm, larger than most particles in the powder samples. It was necessary to 

verify that filters heavily loaded with relatively large, non-absorbing, particles do not 

erroneously show significant absorption in the photoacoustic system. 

Ammonium sulfate, (NH4)2S04' is essentially non-absorbing at wavelengths used 

in the photoacoustic measurements, and has an imaginary index of less than 10-7 between 

0.2 I'm and 1.0 I'm (Bohren and Huffman, p.438). Ammonium sulfate particles with sizes 

ranging from about 0.1 I'm to 1.5 I'm were generated with an ultrasonic nebulizer (Perry. 

Hunt, and Huffman, 1978) and collected onto 5-l'm-pore Nuclepore filters. Fractional 

absorption measurements for ammonium sulfate samples with mass loads of 300 I'g/cm2 

were similar to measurements for magnesium oxide samples with mass loads of 30 

I'g/cm2 • Values did not exceed ± 1% at any wavelength. Resulting absorption cross 

sections per unit particle volume, averaged over wavelength, are 0.0002 ± 0.003 per 

micron for ammonium sulfate, and 0.03 ± 0.05 per micron for magnesium oxide. These 

values are approximately two orders of magnitude above true values, but are zero within 

experimental uncertainties. 
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6.5 Conclusions 

Photoacoustic absorption measurements on collected atmospheric particles can be 

converted to absorption coefficients for dispersed aerosol. Absorption coefficients can be 

measured separately for particles greater than and less than approximately 0.5 I'm, using 

size segregated samples. The extent of systematic collection efficiency and multiple 

scattering errors can be estimated from results of absorption and scattering measurements. 

Photoacoustic absorption measurements on filters containing non-absorbing ammonium 

sulfate were zero within experimental uncertainties. Absorption cross sections per unit 

particle volume as small as 0.003 per micron can be resolved. 



CHAPTER 7 

ATMOSPHERIC AEROSOL ABSORPTION: RESULTS AT GREEN WAVELENGTHS 

Photoacoustic measurements on single-stage filtration samples, composed of all 

particle sizes, and scattering measurements for in-situ aerosols, are used to calculate 

absorption coefficients and single-scattering albedos. Comparisons are made between 

absorption coefficients measured for different particle size ranges. 

A quartz halogen lamp was the light source for photoacoustic measurements. A 

Kodak No. 58 Wratten gel filter, with a bandwidth of 0.05 p.m, was used in series with 

an infrared blocking filter. Spectrally similar green light is used in the Charlson 

integrating nephelometer, for scattering coefficient measurements. 

Samples were collected from November, 1985 through April, 1986 on Mt. 

Lemmon, and in July, 1986 in Tucson. During almost the entire months of December, 

January, and February conditions on Mt. Lemmon were satisfactory for collecting mid

tropospheric background aerosol. One criterion was that mixing levels, defined in section 

5.1.2, were at least 0.2 km below the collection site. The other criterion was that 

standard deviations of scattering coefficients, measured at ten minute intervals, did not 

exceed ± 0.2 x 10-6 m-1 for each collection period. In late fall and early spring 

calculated mixing levels rose above Mt. Lemmon, and even though samples were collected 

at night when surface air was least buoyant, local pollutants may have been mixed in 

with background aerosol. 

Long collection periods were used to obtain background aerosol samples. Particles 

on Mt. Lemmon were collected several hours daily for about two weeks. Three kinds of 

samples were simultaneously collected: first-stage jet impaction; filtration at the second 
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stage, downstream from the impactor; and single-stage filtration. Over half of the 

samples were qualified for measurements of absolute absorption coefficients and single

scattering albedos. Some could not be used because scattering coefficients were not 

available for the entire sample period, some were estimated to exceed the maximum mass 

load of 500 I'g/cm2 established for reliable photoacoustic measurements, and one was 

contaminated by smoke. No sample had to be rejected because irs fractional absorption 

was too large or too small for meaningful measurements, therefore average absorption 

coefficients for Mt. Lemmon are not biased. Samples were collected in Tucson over 

much shorter time periods than on Mt. Lemmon, and these few hours of data are not 

intended to establish an accurate average absorption coefficient, but rather to highlight 

differences between background and urban locations. 

7.1 Results of Measurements 

7.1.1 Aerosol Absorption Coefficients for Filtration Samples 

Single-stage filtration samples contain a wide range of particle sizes. Average 

results for absorption coefficient measurements are shown in Table 7.1. Error bars 

include variations between individual samples and experimental uncertainties. Experi

mental uncertainties include random fractional absorption errors, flow rate uncertainty, 

and 15% relative error in the mass collection efficiency. 

The average absorption coefficient for mid-tropospheric background aerosol is 

3 ± 2 x 10-8 m-1• Individual measurements for background aerosol were between 2 and 

4 (x 10-8 m-1). Absorption coefficients for samples collected when local pollution 

probably reached Mt. Lemmon are three times larger than background values, and 

Tucson urban aerosols have twenty times th-e absorption of background aerosol. 
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Table 7.1. Measured atmospheric aerosol absorption and scattering. 

A verage measured values for atmospheric aerosol absorption coefficients (b AP)' scattering 
coefficients (bsp), and single scattering albedos (wo). Measurements were made at green 
wavelengths. 

bsp (lO-7m-1) bAP (l0-7m-1) Wo 

Mt. Lemmon 

background 
4 samples, 300 hrs. 40 ± 20 0.3 ± 0.2 0.99 ± om 

possible pollution 
4 samples, 150 hrs. 80 ± 40 0.9 ± 0.5 0.99 ± om 

all samples 60 ± 50 0.6 ± 0.5 0.99 ± 0.01 

Tucson 

5 samples, 20 hrs. 400 ± 200 6±4 0.98 ± 0.01 
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7.1.2 Single-Scattering Albedos for Filtration Samples 

Results of single-scattering albedo measurements for single-stage filtration samples 

are summarized in Table 7.1. The formula used is: 

where 

Wo = single-scattering albedo, 

b AP = atmospheric aerosol absorption coefficient, 

bsp = atmospheric aerosol scattering coefficient. 

Average values are calculated from single-scattering albedos measured for each sample, 

and for background aerosol the individual values ranged from 0.987 to 0.996. Experi-

mental uncertainties determine the lower limit of Wo as 0.97, although measured values 

were never lower than 0.98 (even in Tucson). Experimental uncertainties in Table 7.1 

include all the uncertainties mentioned in the previous section for absorption coefficient 

measurements, in addition to standard deviations for scattering coefficient measurements. 

Absorption coefficients are plotted versus scattering coefficients, for Mt. Lemmon 

samples in Fig. 7.1, and for Tucson samples in Fig. 7.2. Lines of constant single-

scattering albedo are also plotted. It is clear from these figures that even if absorption 

coefficients are multiplied by a factor of two, Wo values do not drop below 0.97, 

including Tucson samples. From these figures it is also seen that within experimental 

uncertainties only one sample, a mid-tropospheric background sample, has Wo larger than 

0.995. 
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a Background 

o PossIble pollutIon 

1.0 1.5 

Photoacoustic absorption coefficient measurements are plotted versus in-situ scattering 
coefficient measurements. Straight lines passing through the origin are lines of constant 
single scattering albedo, WOo The data are for samples collected by single-stage filtration. 
The wavelength is 0.54 p.m. 
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Figure 7.2. Tucson single-scattering albedos. 

Photoacoustic absorption coefficient measurements are plotted versus in-situ scattering 
coefficient measurements. Straight lines passing through the origin are lines of constant 
single scattering albedo, WOo The data are for samples collected by single-stage filtration. 
The wavelength is 0.54 I-Im. 
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7.1.3 Absorption per Particle Volume for Filtration Samples 

Absorption cross sections per unit particle volume were measured for pure 

powders, and were discussed in Chapters 3 and 4 (the abbrevi~tion "absorption 

coefficient" was often used in those chapters, but will not be used in this chapter). Using 

equations derived in Appendix B, the same type of measurements can be made on 

atmospheric samples, if the density and mass of materials on the filters are known. The 

density is assumed to be 2 gm/cm3, and aerosol mass loads in the atmosphere are 

estimated at 0.3 gm/m2 x bap (Charlson, Ahlquist, and Horvath, 1968). The product of 

the atmospheric aerosol mass load, the fraction of total aerosol mass collected by a 

particular sampler, and the volume of air pumped though a filter, is approximately the 

total mass coIlected on the filter. 

In Fig. 7.3 fractional absorption measured for single-stage filtration samples are 

plotted versus particle volume per unit filter area. Lines of constant absorption cross 

section per unit particle volume, C!ly, are also plotted. Vertical error bars are uncertain

ties due to random errors in fractional absorption measurements, and horizontal error bars 

are standard deviations in b AP values measured for each collection period. 

The two largest values of C!ly belong to Tucson samples, and the two smallest 

values were measured for Mt. Lemmon background aerosol. The value of C!ly, for a 

particular sample, is the fractional absorption of the sample divided by the particle 

volume per unit sample area. Most values of C!ly are clustered fairly close together, 

between about 0.05 to 0.1 per micron. 
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Photoacoustic fractional absorption measurements are plotted versus particle volume per 
unit filter area. Straight lines passing through the origin are lines of constant absorption 
cross-section per unit particle volume, Cay. The data are for various samples collected 
by single-stage filtration. The wavelength is 0.54 I'm. 
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7.1.4 Absorption Measurements for Different Size Ranges 

Average absorption coefficient ratios between samples collected by first-stage 

impaction, second-stage filtration, and single-stage filtration are presented in Table 7.2. 

Individual ratios were calculated from measurements on sets of simultaneously collected 

samples. The photoacoustic cell can hold four samples at one time, and each set of three 

atmospheric samples plus a black reference sample were placed into the cell together. 

The advantage of these procedures is that many systematic errors cancelled. 

Single-stage filtration samples include all particle sizes, first-stage impaction 

samples include particles approximately greater than 0.5 microns, and second-stage 

filtration samples include sizes approximately less than 0.5 microns. It is seen from Table 

7.2 that absorption by particles smaller than 0.5 I'm is dominant, especially for mid tro

pospheric samples from Mt. Lemmon. There was no systematic difference between ratios 

for background aerosols and moderately polluted aerosols collected on Mt. Lemmon. 

In Tucson, single-stage filtration samples have significantly less absorption than 

second-stage filtration samples--a point which will be discussed in section 7.2.1. 

Ratios of absorption cross sections per unit particle volume can be estimated from 

ratios of atmospheric aerosol absorption coefficients. Fractions of total aerosol mass, per 

unit volume of atmosphere, in each size range are needed. For the size distribution used 

to calculate mass collection efficiencies, discussed in section 6.3.2, approximately half th!? 

total aerosol mass is in particles with radii larger than 0.5 I'm. Therefore, doubling the 

values in Table 7.2 will convert from atmospheric aerosol absorption coefficient ratios to 

absorption cross section per particle volume ratios. Two reasons why smaller particles can 

have greater absorption per unit volume that larger ones are: chemical composition in the 

two size ranges may be different, and small particles are more efficient absorbers than 

large ones made of the same material. 
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Table 7.2. Comparison of absorption for different size ranges. 

Ratios of atmospheric aerosol absorption coefficients for different size ranges. Total 
aerosol is collected by single-stage filtration sampler, coarse aerosol (radii ~O.S I'm) by 
first-stage jet impactor, fine aerosol (radii :sO.S I'm) by second-stage filtration sampler. 

Mt. Lemmon 

Tucson 

Coarse 
Total 

0.13 ± 0.07 

0.3 ± 0.2 

Fine 
Total 

1.0 ± 0.2 

1.3 ± 0.1 

Coarse + Fine 
Total 

l.l ± 0.3 

1.6 ± 0.3 
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7.2 Systematic Errors 

7.2.1 Collection Efficiency Errors 

In section 6.3.2 errors in collection efficiencies from particles bouncing off filters 

were discussed. Results for ratios of Tucson absorption coefficients presented in Table 

7.2 have a discrepancy attributable to particle bounce. The absorption for second-stage 

filtration samples, which were collected downstream from the first-stage impactor, exceed 

that of single-stage filtration samples. :ideally the sum of absorption coefficients 

measured for the two samplers in series should approximately equal that for the single

stage filtration sampler, instead of exceeding it by about 60% as seen in Table 7.2. 

The hypothesis is that because samples in Tucson were collected in ambient tem

peratures often in excess of 40DC, oil from impaction stage coatings was non-viscous 

enough to be partially forced into the airstream and transported onto the second stage 

filter. A Climet 208 optical particle counter was used to verify that for a short period 

after starting new impaction samples on a hot day, particle counts downstream from the 

filters actually exceeded ambient air counts. This same phenomenon was not seen in the 

laboratory at a room temperature of 22DC, and is presumed not to have occurred on Mt. 

Lemmon where air temperatures were typically ODC. In Tucson it is assumed that oil on 

second stage filtration samples reduced bounce-off effectively and increased coJlection 

efficiency. Another test was running two single-stage filtration samplers side by side in 

Tucson, one filter oiled and one blank. The resulting absorption coefficients were about 

60% higher for oiled filters, which is in agreement with results shown in Table 7.2. All 

the discrepancies seen in Table 7.2 can be accounted for by assuming that mass collection 

efficiencies for uncoated filters are two-thirds of the values calculated for zero particle 



bounce. A similar reduction was measured for uncoated filters in the first-stage 

impactor, as was discussed in section 6.3.2. 
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Table 7.3 compares collection efficiencies calculated for samplers before and after 

correcting for estimated bounce-off error, and Table 7.4 shows values for absorption 

coefficient ratios between different samplers before and after taking bounce-off into 

account. Absolute absorption coefficients, measured for the single-stage filtration 

sampler and summarized in Table 7.1, can be corrected for bounce-off by multiplying 

them by 1.6. 

7.2.2 Multiple Scattering Errors 

Possible effects of multiple scattering on absorption measurements were discussed 

in section 6.3.5. Magnitudes of the errors can be estimated from filter mass loadings. 

For single-stage filtration samples, absorption measurements are enhanced by a factor of 

2 to 3. Correcting filter mass loads for the bounce-off effects discussed in the previous 

section reduces enhancement factors by only 10%. These factors were calculated with 1he 

assumption that particles are isotropic scatterers; actual enhancement will be somewhat 

less because scattering by most of the particles is peaked in the forward direction. 

Absolute absorption coefficients in Table 7.1 can be corrected for multiple scattering by 

dividing them by two. Results for ratios of absorption coefficients in Table 7.2 do not 

need correction. 
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Table 7.3. Mass collection efficiencies, corrected. 

Calculated values for fraction of ambient aerosol mass in various size ranges collected by 
each sampler, and corrected for bounce-off errors. Values in parenthesis are for zero 
bounce-off, from Table 6.1. 

Aerosol Size Range First-Stage Second -Stage Single-Stage 
Impactor Filtration Filtration 

Fine <0.05 0.5 ± 0.1 0.5 ± 0.1 
(0.02J.'m < r < O.5J.'m) (same) (0.8 ± 0.1) (0.8 ± 0.1) 

Coarse 0.95 ± 0.05 < 0.05 0.6 ± 0.1 
(O.5J.'m < r < 5J.'m) (same) (same) (0.95 ± 0.05) 

Total 0.52 ± 0.04 0.3 ± 0.1 0.6 ± 0.1 
(0.02J.'m < r < 5J.'m) (same) (0.35 ± 0.05) (0.88 ± 0.05) 



Table 7.4. Comparison of absorption for different size ranges, corrected. 

Ratios of atmospheric aerosol absorption coefficients for different size ranges, corrected 
for bounce-off errors. Total aerosol is collected by single-stage filtration sampler, coarse 
aerosol (radii ~0.5 I'm) by first-stage jet impactor, fine aerosol (radii ~0.5 I'm) by 
second-stage filtration sampler. Values in parentheses are for zero bounce-off, from 
Table 7.2. 

Coarse Fine Coarse + Fine 
Total Total Total 

Mt. Lemmon 0.08 ± 0.04 0.9 ± 0.2 1.0 ± 0.3 
(0.13 ± 0.07) (1.0 ± 0.2) (1.1 ± 0.3) 

Tucson 0.2 ± 0.1 0.8 ± 0.1 1.0 ± 0.3 
(0.3 ± 0.2) (1.3 ± 0.1) (1.6 ± 0.3) 
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7.2.3 Accumulation of Errors 

Relative uncertainties for average absorption coefficients in Table 7.1 are approxi

mately 70%. This value does not include systematic errors for collection efficiencies and 

multiple scattering, discussed in sections 7.2.1 and 7.2.2 respectively. Increasing 

atmospheric aerosol absorption coefficients by 60% corrects t~em for the bounce-off 

related collection efficiency error, and decreasing them by 50% corrects them for the 

multiple scattering error. Coincidentally, these two errors approximately cancel each 

other, and the original results in Table 7.1 and Figs. 7.1 and 7.2 are valid. 

Results obtained for absorption cross-sections per unit particle volume in Fig. 7.3 

are also numerically valid without correction. The manner in which the two systematic 

errors compensate can be illustrated with Fig. 7.3. Reducing numerical values on the 

ordinate by one half corrects particle volumes per unit filter area for the amount of mass 

lost by bounce-off. Re.ducing numerical values on the abscissa by one half Corrects 

fractional absorption measurements for the enhancement caused by multiple scattering. 

Consequently, locations of data points and lines of constant absorption cross section per 

unit particle volume remain the same even after the corrections. 

Absorption coefficient ratios in Table 7.2 are not significantly affected by multiple 

scattering, but are changed somewhat by particle bounce-off errors. The corrected values 

appear in Table 7.4, where it is seen that substantially less than half of the total 

absorption occurs in coarse aerosol particles regardless of sampling location or corrections 

for bounce-off. 
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7.3 Comparison of Results From Several Studies 

In Table 7.5 are compiled measurements of atmospheric aerosol absorption coeffi

cients and single-scattering albedos made at green wavelengths with a variety of methods. 

All results were obtained with samples collected only when locations were believed to be 

essentially free of pollution from local sources. Absorption coefficients and single

scattering albedos from all studies are very similar, and are evidence that there is a char

acteristic absorption coefficient for background aerosol in the Northern hemisphere. 

Ratios of absorption by fine atmospheric aerosol to total atmospheric aerosol are 

also comparable for Mauna Loa and Mt. Lemmon. Definition of aerosol as coarse or fine 

is somewhat arbitrary. Minima in aerosol mass distributions occur approximately at 0.5 

~m in the vicinity of Tucson and Mt. Lemmon (Fig. 5.7), and 0.7 ~m at Mauna Loa. 

These radii were targeted in the respective experiments as the separation size between 

collector stages, and are the sizes defining fine and coarse aerosols in Table 7.5. 

7.4 Conclusions 

Results have been obtained for several optical properties of atmospheric aerosols in 

a southwestern United States desert region. The absorption coefficient for mid-tropos

pheric background aerosol, at a wavelength of 0.54 ~m, is 3 ± 2 xlO-s m-1• The 

background aerosol single-scattering albedo is 0.99, with an uncertainty range of 0.97 to 

0.997. Results very similar to ours have been measured for Mauna Loa, Hawaii (Clarke 

and Charlson, 1982) and the Arctic in summertime (Heintzenberg, 1982). Measured 

single-scattering albedos are much greater than the critical value of approximately 0.85 

(Hansen et aI., 1980) required for a climatic warming effect. This warming effect by 

aerosols was discussed in Chapter 1. 
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Table 7.5. Comparison of background absorption measurements. 

Comparison of atmospheric aerosol absorption coefficients (b AP ) and single scattering 
albedos (wo) from several studies. Measurements were made at green wavelengths. Values 
followed by (t) are medians, all others are averages. 

Location Elev. bAP (l0-sm-1) Wo 
bAP Fine 
bAP Total 

Mauna Loa, 3.4 3 0.97 70% 
Hawaii (a) 

European 
Arctic 4 0.97t 
Summer (b) 

Mt. Lemmon, 2.9 4t ~0.99 
Arizona (c) 

Mt. Lemmon, 2.9 3 0.99 90% 
Arizona (d) 

(a) Clarke and Charlson, 1982 
(b) Heintzenberg, 1982 
(c) Twomey, 1983 
(d) Current Work 
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All measure~ents of single-scattering albedo exceeded 0.97. This has implications 

about aerosol composition. One possibility is that each aerosol component, considered 

separately, is weakly absorbing. Another possibility is that minor components are 

strongly absorbing, but are highly diluted by non-absorbing compounds. Calculations by 

Ackerman and Toon (1981) show that particles composed of carbon/ammonium sulfate 

mixtures can have single-scattering albedos near unity. 

Atmospheric aerosol absorption coefficients for the moderately polluted city of 

Tucson are twenty times those for the mid-tropospheric background, although single

scattering albedos are very similar for both locations. The principle reason, implied by 

scattering coefficients an order of magnitude larger in Tucson than on Mt. Lemmon, is 

that aerosol mass per unit volume of atmosphere is much larger in Tucson. 

Atmospheric aerosol absorption coefficients for fine aerosol are several times those 

for coarse aerosol, while particulate mass and volume per unit volume of atmosphere are 

about the same in each size range. The implication is that absorption cross sections per 

unit particle volume are different. This can be attributed to differences in size distribu

tions of absorbing materials, differences in composition in different size ranges, or a 

combination of both. 



CHAPTER 8 

PHOTOACOUSTIC ABSORPTION SPECTRA FOR ATMOSPHERIC AEROSOL 

Photoacoustic absorption measurements at wavelengths from 0.365 I'm to 1.0 I'm 

were made on mid-tropospheric background particles and urban particles. Mid-

tropospheric background samples were collected on the peak of a 2.8 km mountain, and 

urban samples were collected on the top of a five story building in Tucson. Particles 

were segregated during collection into coarse and fine size ranges. Spectral measurements 

were made with the experimental set-up described in detail in section 2.3 and Chapter 4. 

Samples and experimental procedures are the same as those discussed in Chapter 7. 

Absolute absorption coefficient spectra measured fer each sample were normalized with 

respect to absorption at the shortest wavelength, 0.365 I'm. Normalized absorption 

spectra provide information about aerosol composition. 

8.1 Overview of Normalized Photoacoustic Measurements 

8.1.1 Atmospheric Samples From Mt. Lemmon and Tucson 

Spectra for samples collected in different size ranges and at different locations are 

shown in Fig. 8.1. Size segregated samples were collected by impaction at the first stage, 

where a jet impactor collected particles larger than approximately 0.5 I'm, and by 

filtration at the second stage. Data points are average values for two to four samples. 

Absorption by impacted Tucson samples is spectrally uniform. There is a relative 

decrease in absorption from near UV to near IR wavelengths for all other samples. The 

largest variation is seen in Mt. Lemmon impaction samples, where absorption at 1.0 I'm is 

one fourth of the 0.365 I'm value. 
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Figure 8.1. Photoacoustic absorption spectra for atmospheric aerosol. 
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Spectra for different types of samplers are shown. Moving from the top to the bottom of 
the figure the spectra are for: Tucson impaction, Tucson filtration, Mt. Lemmon 
filtration, Mt. Lemmon impaction. 
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8.1.2 Absorption Spectra for Pure Materials 

Results of photoacoustic measurements on powders are summarized in Fig. 8.2.A, 

based on spectra originally presented in Fig. 4.13, and normalized in the same manner as 

the atmospheric spectra in Fig. 8.1. The bulk of volume and mass is in the 0.5 to 2.0 JLm 

radius range. 

Absorption coefficient spectra were calculated for spheres of various materials and 

sizes in Chapter 3, using bulk optical constants and Mie theory. Normalized absorption 

spectra for alpha iron oxide and disordered carbon are shown for a range of sizes in Figs. 

8.2.B and 8.2.C. In wavelength regions where there is strong absorption, shapes of 

spectra depend strongly on particle size. 

The imaginary index for disordered carbon is nearly constant from near UV to 

near IR wavelengths. It is seen in Fig. 8.2.B that calculated absorption by carbon spheres 

at a wavelength of 1.0 JLm is never less than about one fourth of absorption at 0.365 JLrn. 

Particles smaller than about 0.01 JLm are in the Rayleigh size region and have spectra 

similar to that for om JLm particles. Alpha iron oxide contrasts sharply with carbon, 

since its imaginary index decreases by more than two orders of magnitude from near UV 

to near IR wavelengths. Calculations for alpha iron oxide spheres up to 2 JLm radius, 

shown in Fig. 8.2.C, indicate that absorption at 1.0 JLm is no larger than one fifth of that 

at 0.365 fJm. Another major difference between these two types of materials is that 

alpha iron oxide has an absorption edge, where absorption strength changes abruptly over 

a small increment of wavelength. The location of this edge depends on particle size. 
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Wavelength (/.1m) 

Curves shown in (A) are photoacoustic measurements for powder samples. Curves shown 
in (B) are calculated spectra for disordered carbon spheres of different sizes; radius of 
spheres, in j.Lm, from top to bottom: 0.5, 2.0, 0.15, 0.10, 0.05, 0.01. Curves shown in (C) 
are calculated spectra for alpha iron oxide spheres of different sizes; radius of spheres, in 
j.Lm, from left to right om, 0.05, OJ, 0.5, 2.0. 
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8.2 Composition of Absorbing Materials in Aerosol 

There are few materials having appreciable absorption at visible or near infrared 

wavelengths and also likely to occur commonly in the atmosphere. Most solids are 

transparent at these wavelengths, which is a consequence of their electron energy band 

structure (Bohren and Huffman, 1983, p.279). Carbon is an exception, with a large and 

nearly constant imaginary index from near UV to near IR wavelengths. Magnetite, an 

iron oxide (Fe30 4), is similar to carbon in this wavelength region (Huffman and Stapp, 

1973). Some materials have imaginary indices which drop sharply at near UV or blue 

wavelengths, including various iron oxides. Alpha iron oxide has an absorption edge at 

about 0.6 JIm, a relatively long wavelength compared to most solids. 

Solids do not generally have narrow absorption peaks in the wavelength range used 

in our experiment, and this means it is impossible to absolutely identify compounds 

regardless of the wavelength resolution of the photoacoustic spectrometer. Absolute iden

tification of absorbing compounds in atmospheric aerosol is not the intent of this study, 

but rather to distinguish between the presence of carbon-like and alpha iron oxide-like 

compounds. 

8.2.1 Tucson Samples 

Averages and standard deviations for four normalized absorption spectra, measured 

for impactor samples, are plotted in Fig. 8.3.B. The three curves in Fig. 8.3.B are calcu

lations for disordered carbon spheres with radii of 0.15, 0.5, and 2.0 Jlm. Within the 

standard deviations, the measured aerosol spectrum is in agreement with calculated 

spectra--with the exception of a peak in the measured data at 0.44 Jlm. Measured 

spectra are not as smooth as calculated ones, which can be attributed to several things: 
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Data points in (A) are photoacoustic measurements for Tucson filtration samples. Curves 
in (A) are calculations for disordered carbon spheres: (a) 0.18 p.m radius, (b) 0.12 p.m 
radius. Data in points in (B) are photoacoustic measurements for Tucson impaction 
samples. Curves in (B) are calculations for disordered carbon spheres: (a) 2 p.m radius, 
(b) 0.5 p.m radius, (c) 0.15 p.m radius. 



differences between the optical constants for arc-evaporated carbon (used in the 

calculations) and real aerosol, random measurement errors, and systematic errors. 

124 

Spectra for Tucson filtration samples are similar to Tucson impaction samples, but 

have stronger wavelength dependence. In Fig. 8.3.A, averages and standard deviations 

for three Tucson filtration samples fit within curves calculated for 0.12 J.lm and 0.18 J.lm 

carbon particles, except for the peak at 0.44 J.lm. In Fig. 8.2.B it is seen that the 

spectrum for 0.15 J.lm carbon spheres lies between spectra for much smaller and much 

larger spheres, therefore many conceivable size distributions can have spectra similar to 

that of monodisperse 0.15 J.lm spheres. It can still be concluded that if absorbing material 

in Tucson filtration samples is carbon, the major part of it must be in particles larger 

than 0.15 J.lm, otherwise the spectra would be dominated by smaller particles having more 

efficient absorption per unit volume. 

Some estimates can be made of carbon volumes required for the magnitudes of 

absorption seen in Tucson aerosol. Absorption efficiency per volume decreases in 

proportion to inverse radius, for sizes larger than about 0.1 J.lm. Results of measurements 

at green wavelengths, presented in Chapter 7, showed that impacted Tucson samples have 

absorption cross sections per particle volume about one fourth that of filtration samples. 

Carbon spheres with radii around 0.5 J.lm have one fourth the absorption, per unit 

volume, of 0.15 J.lm particles. The volume of carbon in impaction and filtration samples 

may therefore be about equal. 

Absorption cross sections per unit particle volume for pure carbon spheres with 

radii of 0.15 J.lm are about a factor of 30 larger than the value measured for Tucson 

filtration samples, and the same relationship holds between 0.5 J.lm carbon spheres and 

Tucson impaction samples. Very strong absorbers such as carbon must be diluted in the 

atmospheric aerosol by relatively non-absorbing materials. The factor of 30 is an 
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estimate of the dilution, assuming that the optical properties of carbon particles are not 

affected by the manner in which they are combined with other aerosol materials. 

Compounds such as hematite may enhance absorption at short wavelengths, but 

atmospheric aerosol spectra suggest that they account for substantially less aerosol volume 

than uniformly absorbing carbon-like materials. 

8.2.2 Mt. Lemmon Filtration Samples 

Spectral data for second-stage filtration samples, collected after the impaction 

stage, are shown in Fig. 8.4.A. Data points are an average spectrum for two samples, and 

error bars show the range of values. The spectra are very similar, even though one was 

collected during background conditions and the other when the top of the boundary layer 

was substantially above Mt. Lemmon. The spectrum is similar to a calculated one for 

disordered carbon spheres 0.07 j.lm in radius. The absorption cross section per particle 

volume for disordered carbon spheres of this size is approximately 10 per micron. Pure 

carbon spheres diluted by a factor of 100 by volume with non-absorbing material would 

agree with total aerosol absorption results for second-stage filtration samples. 

Lognormal size distributions are often used to describe distributions for particles 

of different types in atmospheric aerosol. Fine aerosol, between the sizes of about 0.01 

and 0.1 j.lm, are not readily removed by diffusion or sedimentation and are sometimes 

called an "accumulation mode". A mean radius of 0.04 j.lm and varianc~ of 2 was used in 

Lederer, Quenzel, and Thomalla (1983) to describe a lognormal size distribution for this 

mode. Absorbing atmospheric aerosol material is unlikely to consist of monodisperse 

carbon particles. A normalized spectrum calculated for disordered carbon, using a 

lognormal size distribution with a mean radius of 0.04 j.lm and variance of 2, is shown in 

Fig. 8A.A. The mean radius for the corresponding mass distribution is 0.07 j.lm. 
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Figure 8.4. Photoacoustic absorption spectra for Mt. Lemmon aerosol. 
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Data points in (A) are photoacoustic measurements for Mt. Lemmon filtration samples. 
Curves in (A) are calculated spectra for spheres: (a) lognormal distribution of disordered 
carbon spheres, (b) 0.1 Jlm radius hematite spheres. Data points in (B) are photoacoustic 
measurements for Mt. Lemmon impaction samples. Curves in (B) are calculated spectra 
for spheres: (a) Rayleigh size disordered carbon spheres, (b) 0.05 Jlm radius hematite 
spheres, (c) 0.5 Jlm radius hematite spheres. 
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Agreement in Fig. 8A.A between the calculated carbon curve and data points for Mt. 

Lemmon filtration samples is very good. 

A calculated absorption spectrum for 0.1 I'm hematite spheres is also shown in 

Fig. 8A.A. This spectrum does not fit the measured data very well, nor do calculated 

curves for other reasonable sizes of hematite spheres. 

Absorption cross-sections per unit particle volume for Mt. Lemmon filtration 

samples, at greer. wavelengths, range from 0.1 per micron for background samples to 0.2 

per micron for samples collected during disturbed conditions. Tucson filtration samples 

also have absorption cross sections per unit particle volume in this same range, although 

aerosol absorption coefficients are typically a factor of twenty greater than for 

background samples. This could mean that aerosols, in the size range less than about 0.5 

I'm, have similar composition in both locations. Mt. Lemmon spectra and Tucson spectra 

may appear quite different, because for carbon particles in the 0.05 to 0.2 I'm range 

relative absorption between blue and near infrared wavelengths is very dependent on 

particle size. 

8.2.3 Mt. Lemmon Impaction Samples 

Averages and standard deviations for three impaction samples, collected during 

background conditions, are shown in Fig. 8A.B. A calculated absorption spectrum for 

disordered carbon spheres in the Rayleigh size range--Iess than about om I'm in radius 

--is also shown in Fig. 8A.B. These particles have essentially the strongest wavelength 

dependence possible for carbon spheres, in the near UV to near IR region, and can 

marginally account for the strong wavelength dependence seen in Mt. Lemmon impaction 

spectra. The jet impactor collects particles larger than about 0.5 I'm in radius, and very 

small particles cannot be collected unless they are in physical contact with much larger 

ones. 
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The average absorption cross section per unit particle volume, for Rayleigh size 

carbon spheres at green wavelengths, is about 1000 times that for Mt. Lemmon impaction 

samples. The average atmospheric aerosol absorption coefficient for Mt. Lemmon 

impaction samples, at green wavelengths, is 2 x 10-9 m-1• Approximately fifty 0.01 p.m 

radius carbon particles per cm3 of atmosphere can account for this absorption. 

Minerals, in place of carbon-like materials, may be responsible for the bulk of 

absorption in Mt. Lemmon impaction samples. Oxides are important in giving clay 

minerals different colors (Pettijohn, 1975). In Fig. 8.4.B are shown spectra calculated for 

0.5 and 0.05 p.m alpha iron oxide (hematite) spheres. The curve for the larger spheres 

agree with measured Mt. Lemmon data at long wavelengths, and the curve for the 

smaller spheres agree with measured data at short wavelengths. Hematite particles smaller 

than 0.1 p.m may be the dominant absorbers in coarse Mt. Lemmon aerosol, provided 

there is also a smaller fraction of a carbon-like material. Carbon could provide the 25% 

relative absorption at near IR wavelengths, compared to UV wavelengths, which is 

observed in Mt. Lemmon impaction samples and not explainable by hematite alone. 

Soil has been proven to be a source of atmospheric aerosol (Gillette and Walker, 

1975). Iron oxides are present in small amounts in sands from arid and semiarid regions 

(Schrauzer et ai, 1983). Hematite accounts for 0.1% of total sand mass at Imperial Sand 

Dunes, Imperial Valley, California. Combustion is another source of oxides in the 

atmosphere; Foster (1969) found that alpha iron oxide accounted for 5% to 15% of fuel 

ash from power stations. 

Hematite spheres would have to be diluted in the atmospheric aerosol by non

absorbing materials, for consistency with absorption cross sections per unit particle 

volume measured for background impaction samples. The necessary mass fraction of 

hema'tite in aerosol is around 2% for 0.1 p.m spheres. The mass fraction could be reduced 
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to 0.5% for more efficiently absorbing Rayleigh size spheres, and would be greater than 

2% for spheres larger than 0.1 Jjm. These percentages are not greatly out of line with 

mass fractions of hematite found in desert sands, discussed in the previous paragraph. 

8.2.4 Comparison Between Tucson Soil and Mt. Lemmon Aerosol 

Soil samples were obtained by rapidly dispersing approximately four liters of local 

Tucson soil into ambient Tucson air, and operating sampling equipment a few meters 

downwind of the source. Sampling periods were kept very short, and the bulk of 

material collected had to be soil derived aerosol. Two minutes for impaction samples was 

long enough to obtain adequate material for absorption analysis, and it is interesting to 

note that this is three to four orders of magnitude less than the time required to collect 

background impaction samples on Mt. Lemmon. These sampling conditions do not 

precisely mimic natural dispersal mechanisms for soil, but were adequate to obtain some 

information on the wavelength dependence of local soil derived aerosols. 

Mass distributions for particles generated by wind erosion and collected within a 

few meters of a sandy soil surface, in west Texas, were found to have two modes 

(Gillette and Walker, 1975): coarse particles between 10 and 100 Jjm are mainly quartz 

grains coated with small clay particles; particles between 0.5 Jjm and 10 Jjm are primarily 

clay minerals; (particles smaller than 0.5 Jjm account for a negligible fraction of aerosol 

mass compared to larger sizes). For our soil derived aerosol samples, particles of all sizes 

were collected with a single-stage filtration sampler, and coarse particles larger than 

about 0.5 Jjm in radius were collected by jet impaction. 

Results for soil derived aerosol are shown in Fig. 8.5. One curve is average values 

for two impaction samples, the other is for a single-stage filtration sample. Data points 

in Fig. 8.5 are average values for two impaction samples collected on Mt. Lemmon, 

during periods of low humidity and occasional gusting winds. One Mt. Lemmon sample 
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Figure 8.S. Comparison of soil derived aerosol and Mt. Lemmon aerosol. 
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Data points are photoacoustic measurements for selected Mt. Lemmon 
impaction samples. Curves are photoacoustic measurements for soil derived aerosol from 
Tucson: (a) impaction samples, (b) filtration sample. 
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was collected during winter, when established criteria were satisfied for background 

conditions, the other in late spring when hot surface air over the surrounding desert was 

very buoyant. The latter sample has an atmospheric aerosol absorption coefficient at 0.54 

~m about five times larger than the background sample. These Mt. Lemmon spectra 

are interesting because of their similarity to each other and to dispersed soil spectra. 

Strong absorption at near UV and blue wavelimgths, an absorption edge near 0.6 ~m, and 

relatively small near IR absorption are characteristic of some alpha iron oxide-like 

materials and not carbon-like materials. 

Mass loads for our soil particle samples could not readily be determined. Absolute 

magnitudes of absorption for soil derived samples and Mt. Lemmon samples therefore 

could not be compared. This type of comparison is necessary to establish that absorption 

by soil material is strong enough, on a per volume basis, to account for atmospheric 

aerosol absorption. 

8.3 Comparisons with Results of Other Studies 

8.3.1 Atmospheric Aerosol Absorption Coefficient Spectra 

Spectra were measured for collected atmospheric particles by Weiss et al. (1978) 

with an integrating plate method. Particles were collected by filtration. Atmospheric 

aerosol absorption coefficients were measured between 0.4 and 0.7 ~m at intervals of 0.05 

~m. Our absorption measurements were made at approximately 0.1 ~m intervals; in Fig. 

8.6. results from Weiss et al. (1978) have been extrapolated to wavelengths used in our 

study. The extrapolated values were taken directly from lines used in their figure to 

connect data points. 

In Fig. 8.6.A is a typical spectrum from Weiss et al. (1978) for rural aerosol, along 

with spectra for our filtration samples from Tucson and Mt. Lemmon. Rural measure-



132 

A 
~ 

Ul 

1.4 
c 
::l 

.c 1.2 
~ 

'" 
c 

~; 
CIl 

CIl 0.6 0 
u 
c 
0 

Wavel engt h (/-1m) 

B 
';;) 

C 
::l 

.c 
~ 

'" 
c 
CIl 

CIl 
0 

U 
c 
0 

C. 
~ 0.2 0 
Ul 
.c 
<t 0.0 

Wavelength (/-1m) 

Figure 8.6. Comparison of atmospheric aerosol absorption spectra. 

Mt. Lemmon and Tucson spectra are averaged results from this work, rural and Barbados 
spectra are from Weiss et al. (1978). In (A), curve (a) is a Tucson filtration spectrum, (b) 
is a rural spectrum, (c) is a Mt. Lemmon filtration spectrum. In (B), curve (a) is a Mt. 
Lemmon filtration spectrum, (b) is a Mt. Lemmon impaction spectrum, and (c) is a 
Barbados spectrum. . 



ments lie between urban and background values, and all spectra are consistent with 

submicron carbon particles. 
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Weiss et al. (1978) also show a characteristic spectrum for particles collected on 

Barbados, in the Windward Islands on the eastern edge of the Carribbean Sea, suspected 

to be Saharan dust from long distance transport. This spectrum is compared with average 

spectra for impaction and filtration samples from Mt. Lemmon, in Fig. 8.6.B, and is seen 

to be most similar to the impaction spectrum. Sampling conditions on Barbados must 

have been quite different from background conditions on Mt. Lemmon (the atmospheric 

aerosol absorption coefficient measured for the Barbados sample is two orders of 

magnitude larger than the average value measured for Mt. Lemmon). It is possible that 

background Mt. Lemmon impaction samples and Barbados filtration samples consist 

mainly of soil derived particles, and therefore have similar spectra. 

8.3.2 Composition Analysis 

Chemical and microscopic anal?sis of aerosol samples, collected during airplane 

flights in the mid-troposphere over ~'J\:thwestern United States, were performed by 

Patterson et al. (1980). Their results showed that particles larger than 0.5 J.lm were crustal 

in origin, while smaller particles were primarily sulfur-containing compounds such as 

ammonium sulfate. Crustal aerosols contained approximately 5% elemental iron by mass; 

however no information was given about abundance of iron oxides or other possible 

absorbers. Sulfur-containing compounds were mixed with crustal aerosol, in samples 

consisting of approximately 1 J.lm size particles, collected with a balloon borne cascade 

impactor above Tucson (Reagan et aI., 1984). Quartz, a major crustal component, and 

ammonium sulfate, are essentially non-absorbing at wavelengths between 0.35 and 1.0 J.lm 

and this is consistent with our findings that atmospheric aerosol is only weakly absorbing. 
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Spectral radiative flux divergence was used by Kondratyev et al. (1974) to infer 

the composition of absorbing material in the aerosol over the Kara-Kum desert. Meas

urements were taken on a single day during a period of heavy haze, between altitudes of 

0.3 to 8.4 km. The conclusion was that primary absorbers in atmospheric aerosol were 

iron oxides, hematite in particular, in the form of particles less than 0.08 pm in radius, 

and comprising 10% to 15% of total aerosol mass. Dependence of aerosol absorption on 

wavelength inferred by their data is similar to that for our impaction samples from Mt. 

Lemmon. Absorption at red wavelengths is 40% of absorption at near UV wavelengths in 

Kara-Kum and Mt. Lemmon impaction data. 

Total aerosol absorption for background samples in our study is dominated by the 

fine aerosol fraction. Filtration samples have relative absorption at red wavelengths 

which is 70% of that at near UV wavelengths, similar to submicron carbon. Aerosol 

samples used in our study were not collected during periods of large dust loading in the 

atmosphere. There was heavy haze during the study of Kondratyev et al. (1974), and at 

such times total atmospheric aerosol absorption may be dominated by soil derived aerosol. 

This may be the reason that their data best agree with our spectra for the coarse aerosol 

fraction on Mt. Lemmon. 

Raman spectroscopy was used to identify carbon as the primary absorber in urban 

samples (Rosen et al., 1978) and in samples collected during Arctic haze episodes (Rosen, 

Novakov, and Bodhaine, 1981). They found that Raman spectra for automobile exhaust, 

acetylene soot, polycrystalline graphite, and carbon black were very similar to those for 

ambient aerosol samples. This is in agreement with our results, which also indicated that 

submicron carbon-like particles are responsible for the major fraction of atmospheric 

aerosol absorption. 
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8.4 Conclusion 

Absorption spectra have been measured for urban Tucson aerosol and background 

mid-tropospheric aerosol. Mid-tropospheric background aerosol was collected on the 

peak of a 2.8 km mountain during winter months. Spectra were obtained for fine and 

coarse aerosol fractions. In Chapter 7, large differences were found between aerosol 

absorption coefficient measurements for different types of samples. In this chapter, 

different sample types were shown to also have significantly different absorption spectra. 

Coarse particles, larger than approximately 0.5 I'm radius, were collected by 

impaction. Absorption spectra measured for Tucson impaction samples are uniform with 

wavelength, and consistent with calculations for carbon spheres larger than about 0.15 I'm 

radius. Absorption spectra measured for Mt. Lemmon impaction samples have typically 

four times more absorption in the near UV than in the near IR. Strong dependence of 

absorption on wavelength can be attributed to carbon particles, but only in the Rayleigh 

size range. To be collected by impaction, particles this small--Iess than approximately 

0.01 I'm radius--would have to be aggregated with much larger particles. Absorption by 

coarse mid-tropospheric particles could also be attributed to soil derived minerals. Alpha 

iron oxide (hematite) by itself cannot readily explain spectra for coarse aerosol, however 

it may be the dominant absorber in a mixture of absorbing compounds. 

Absorption by the fine aerosol fraction can be attributed to a material which 

absorbs uniformly with wavelength in its bulk form. A moderate decrease in relative 

absorption from blue to infrared, observed in spectra for urban Tucson samples and mid

tropospheric samples, can be explained by carbon particles. Shapes of spectra for strong 

absorbers depend greatly on particle size. Absorption spectra for particles collected by 

filtration are consistent with calculated spectra for disordered carbon spheres, in the size 
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range from 0.05 to 0.15 JJm radius. Spectra for filtration samples are too uniform to be 

explained by alpha iron oxide particles of any reasonable size. 

Absorption cross sections per unit particle volume for impaction samples were 

found to be a factor of five larger for urban Tucson than for background conditions on 

Mt. Lemmon (aerosol absorption coefficients, for the coarse fraction, were a factor of 60 

larger for urban samples). Differences in composition of absorbing materials, or 

differences in size distributions of absorbing materials, or both, are apparent in spectra 

for the two locations. Spectra for Tucson impaction samples can be attributed to carbon 

particles larger than about 0.15 JJm, but not alpha iron oxide particles of any reasonable 

size; spectra for Mt. Lemmon impaction samples can be attributed to a variety of 

materials--ultrafine carbon particles, clay minerals, a mixture of alpha iron oxide and 

carbon--but not large carbon particles alone. 

In Chapter 7 it was reported that absorption cross sections per unit particle volume 

were about equal for filtration samples collected in urban Tucson and in the mid

troposphere (absorption coefficients, for the fine aerosol fraction, were a factor of twenty 

larger in Tucson). One hypothesis is that fine aerosol fractions had similar composition 

in both locations, although mass of aerosol per unit volume of atmosphere was substan

tially greater in Tucson. Spectral results for filtration samples support this hypothesis; in 

both locations absorption can readily be attributed to submicron carbon particles, but not 

alpha iron oxide particles. Measurements of absorption per unit particle volume imply 

that strongly absorbing particles could only comprise a small percentage of fine aerosol 

volume, with the bulk being weakly absorbing. 



APPENDIX A 

SIZE-AVERAGED ABSORPTION COEFFICIENT 

The fractional absorption of a sample consisti.ng of spheres of the same size and 

material, and having an absorption optical depth much less than unity, is: 

where 

a = fractional absorption, 

M = mass of sample, 

p = density of sample material, 

A = cross sectional area of sample, 

r = sphere radius, 

Qa(r,>.) = absorption efficiency (from Mie theory), 

Ca(r,>.) = absorption coefficient per particle volume. 

The fractional absorption of a sample consisting of a distribution of sphere sizes, all of 

the same material, is: 

J
R2 

Ca(r,>.) ~ 1r r3 n(r) dr 
Rl a = M __________________ ___ 

pA 
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where Rl and Rz are the maximum and minimum sizes i~ the distribution, respectively, 

and n(r)dr is the number of particles in the size range r to r + dr. This fractional 

absorption can be considered the product of a particle volume per unit area M/(pA), and 

a volume averaged absorption coefficient Ca(.~): 

M-
a = p A Ca(>') . 

If dispersed spheres are collected onto a filter by a process with a collection 

efficiency E(r), where E(r) is the fraction of particles of size r collected, then the 

quantity n(r) must be replaced by E(r)n(r). For example, for an inverse power distribu-

tion, 

n(r)dr = n(log r) d(log r), 

= C r-b d(log r), 

where C and b are constants. Using an inverse power distribution, and including the 

collection efficiency, Ca(>') can be written: 

In order to evaluate the expression for Ca(>.) the integrals are replaced with sums. 

The summation is made over increments of radius, where 

rn = (0.01) x lOn/1O. 

The quantities Ca,n and En are evaluated at sizes rn. The size averaged, or more 

accurately the volume averaged, absorption coefficient becomes: 



139 

f
rn L E(r)n r r3-b d(log r) 

n n-l 

where 

- 1 
E(r)n = 2 [E(r)n + E(r)n_l] . 

The remaining integrals can be calculated exactly, 

f
rn 

rn- 1 

r3-b d(log r) = 3 ~ b (r~-b - r~:f) . 

Finally, the size-averaged absorption coefficient becomes: 

L ~(,x,r)n E(r)n (r~-b - r~:f) 
Ca(,x) = --!!.n _________ _ 

L E(r)n (r~-b - r~:f) 
n 

In Fig. A.l are plotted examples of curves for Ca(,x,r) and E(r). Also shown is a 

curve for the quantity AV(r)/V, which is the fraction of dispersed particulate volume in 

the size interval rn to rn-1• 
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Figure A.I. Absorption, and collection efficiencies, for spheres. 

Quantities used in the equation for the size-averaged absorption coefficient are plotted. 
The absorption coefficient, Ca(>',r), is for a-iron oxide at a wavelength of 0.546 J-Im; the 
collection efficiency, E(r), is for the sampler used to collect powders onto substrates; the 
fraction of total dispersed particulate volume in the interval ~log r, ~ V IV, is for an 
inverse power distribution with b=I.8. 



APPENDIX B 

ABSORPTION COEFFICIENT AND FRACTIONAL ABSORPTION 

The sample and Nuclepore substrate system is modelled in Fig. B.l. Reflectivity, 

transmission, and absorption, for the sample and substrate together, are: 

where 

aan = fractional absorption of sample plus substrate, 

ran = fractional reflection of sample plus substrate, 

tan = fractional transmission of sample plus substrate, 

aa = fractional absorption of sample alone, 

ra = fractional reflection of sample alone, 

ts = fractional transmission of sample alone, 

an = fractional absorption of substrate alone, 

rn = fractional reflection of substrate alone, 

tn = fractional transmission of substrate alone. 

Assuming backscatter from the sample is small, (I - ra rn)-l ~ I, and 
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Figure B.l. Sample, filter, and light beam model. 

This model was used for calculating fractional absorption by particulate samples. 
Substrates used in this dissertation were Nuclepore filters. 
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Assuming also that third order terms in ra, rn, as' and an are approximately zero, 

Assuming that as + ra ~ as' which is usually true except for weakly absorbing samples, 

Solving for the sample absorption, 

The quantities asn and ~ are fractional absorptions, and measured with the photoacoustic 

system: 

where san and sn are photoacoustic signals for sample plus substrate and' substrate alone, 

respectively. These signals are normalized by the photoacoustic signal, R, from a 

reference sample. Substituting these into the equation for sample fractional absorption, 

sn 
I + r - -n R 

All quantities in this equation depend on the wavelength of the light source. 

For samples with absorption optical depths much less than unity, the absorption 

coefficient CIly (also called the absorption cross section per unit particle volume) is 

related to fractional absorption by 



144 

where M is the mass of the sample, p is the density of the sample, and A is the cross-

sectional area of the sample on the substrate. Solving for C", in terms of directly 

measurable quantities, 

C", = if [ ~ - ~"]. 
1 + r - -

n R 

For samples consisting of atmospheric particles collected onto substrates, with 

absorption optical depths much less than unity, the aerosol absorption coefficient bAP is 

directly related to sample fractional absorption. Assuming that atmospheric particles are 

perfectly segregated into different size ranges during collection, b AP for a specific size 

range is related to sample fractional absorption by: 

where 

F = air flow rate, 

t = length of sampling period, 

A = cross-sectional area of sample on substrate, 

Ex = mass collection efficiency for size range x. 

Solving for b AP in terms of directly measurable quantities, 

A [s;: - i sn ]. bAP=-E Ft x 
I + r - -n R 



APPENDIX C 

PHOTOACOUSTIC CELL DESIGN 

Many features were incorporated into the design of the cell in order to optimize 

the signal-to-noise-ratio. Other features were chosen for convenience. A discussion of 

these features is in section 2.3.1. 

Several restrictions were placed on the initial design of the cell. The sizes of the 

windows and microphone, and the diameter of the sample chambers, were chosen in 

order to utilize components available in our laboratory. 

An end-on view of the cell body, with the windows, screw, and o-rings removed, 

is shown in Fig. C.1. The cell is oriented so that the observer's line-of -site is paralIel 

with the direction of propagation of the incident beam. The four sample chambers, the 

screw hole for attaching the entrance window, the channels and slots for connecting the 

microphone with the sample chambers, and an o-ring groove are visible on this end of 

the cell. The microp:"one, which is hicidt:n in this view, lies directly behind the screw 

hole. 

Two cross-sections of the cell are shown in Figs. C.2 and C.3. Dotted lines in 

Fig. C.1 indicate where cuts were made for these cross-sectional views. Most components 

appear the same in any cross-section through the axis of the cell, including: the window

retaining screw, washer, and O-rings; the beam entrance window; the microphone. For 

clarity, these components are included in Fig. C.2 only. The only real differences 

between the illustrated cross-sections are that Fig. C.2 includes two cylindrical sample 

chambers and their exit windows, while Fig. C.3 includes two cylindrical channels. The 

microphone is partially connected to each sample chamber via a channel, with a smaII slot 
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Figure C.l. End-on view of photoacoustic cell, to scale. 
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Direction of propagation for incident beam is directly into page. Solid lines show cuts 
that go completely through the cell body, and dashed lines show cuts that go only part
way through the body. Dotted lines show the planes used for cross-sectional views in 
Figures C.2 and C.3. The features are: (a) outer edge of cell, (b) sample chambers, (c) 
channels, (d) 4 mm deep slots, (e) screw hole, (f) window o-ring groove. 
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Figure C.2. Cross-section of cell, with sample chambers, to scale. 
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Dotted line in Figure C.l shows plane through cell used for this view. The features are: 
(a) sample chambers, (b) exit windows, (c) entrance window, (d) o-rings, (e) washer, (f) 
screw, (g) microphone. 
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Figure C.3. Cross-section of cell, with channels, to scale. 
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Dotted line in Figure C.1 shows plane through cell used for this view. The channels 
connect the microphone with the sample chambers. The features are: (a) channels, (b) 0-

ring groove, (c) screw hole, (d) microphone chamber. 
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completing the connection. The slots can only be seen with the orientation used for Fig. 

C.l. 

The cell body was machined in aluminum. The windows are Suprasil II quartz. 

The exit windows and microphone were epoxied into place. The o-rings are stock items. 

The washer between the screw head and the outer o-ring is nylon. The inner o-ring was 

periodically coated lightly with vacuum grease during use, to provide an air-tight seal 

with minim~m compression of the entrance window. 

• 
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