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Abstract

Large uncertaintiesin the dfeds that aerosols have on climate require improved in situ
measurements of extinction coefficient and single-scatering albedo. This paper describes the use of
continuows wave cavity ring-down (CW-CRD) techndogy to addressthis problem. The innowations
in thisinstrument are the use of CW-CRD to measure arosol extinction coefficient, the
simultaneous measurement of scattering coefficient, and small size suitable for a wide range of
aircraft applicaions. Our prototype instrument measures extinction and scattering coefficient at 690
nm and extinction coefficient at 1550 nm. The instrument itself is gnall (60x 48x 15cm) and
relatively insensitive to vibrations. The prototype instrument has been tested in our lab and wsed in
the field. While improvements in performance are needed, the prototype has been shown to make
acarrate and sensitive measurements of extinction and scatering coefficients. Combining these two
parameters, ore can oltain the single-scattering albedo and absorption coefficient, bah important
agosol properties. The use of two wavelengths also al ows us to oltain a quantitative ideaof the
size of the aeosol through the Angstrom exporent. Minimum sensitivity of the prototype
instrument is 1.5x10° m™ (1.5Mm™). Validation o the measurement of extinction coefficient has
been accompli shed by comparing the measurement of cdlibration spheres with Mie cdculations.
Thisinstrument and its successors have potential to help reduce uncertainty currently associated
with agosol optica properties and their spatial and temporal variation. Possble gplicaions
include studies of visibility, climate forcing by aerosol, and the validation d aerosol retrieval

schemes from satellit e data.
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1. INTRODUCTION

The potential importance of agosolsin earth’s climate has been well documented [Chylek and
Coakley, 1974 Horvath, 1993, yet there remain significant uncertainties regarding their influence
onthe radiative balancein the @mosphere. The Intergovernmental Panel on Climate Change
(IPCC) has identified radiative forcing due to ag'osols as one of the most uncertain components of
climate change models and asatopic urgently in need of further research [Houghton, 2001 #19p
Hansen et al. [1999 estimated the global-average dired forcing due to aerosolsto be—0.4( 0.3
W/m? and the indireat forcing due to agosols through changesin cloudto be—1.0(+0.5-1.0)
W/m?. These large uncertainties are due to inadequate knowledge of aerosol optica properties and
to their large spatial and temporal variation. Despite the importance of aerosol eff ects, littl e

reduction d the uncertainties associated with these dfeds has occurred over the last ten years.

Regionally, radiative dfects dueto agosols can be much larger than global effects[e.g., Kiehl and
Briegleb, 1993 Russll et al., 1997. Many studies[e.g., Hansen et a., 199B; Russl et al., 2003
have shown that accurate assesgnents of aerosol radiative dfeds require accurate values of aerosol
single scattering albedo w--the ratio of scattering to extinction. Recent experimental results have
naot provided the required acaracy. For example, in summarizing the results of the Clea Column
Closure experiment conducted as part of the ACE 2 campaign, Russell and Heintzenberg [200(
stated that whil e measurements of w generally agreed within the experimental acaracy of the
individual instruments, this acairacy was nat sufficient to adequately describe the dfeds of
agosols. More spedfically, Rus=ll et a. [2003 noted that in bah TARFOX and ACE-2 dfferent
tedhniques yielded aerosol w values differing by as much as 5% (0.90to 0.95) when attempting to
describe the same aerosol. They showed that, although the radiative eff ects of such large
differencesin w could be very significant climaticaly (e.g., changing a aoling effed to a heding
effect), it was not passhble to determine whether the w differences were experimentally significant
becaise experimental uncertainties (typicaly 3% to 4% in those experiments) produced

overlapping error bars,
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In an important classof closure experiments remote measurements of aerosol extinction (scatering
plus absorption) made with satellit es and/or sunphdometers are mmpared with in situ
measurements of size distribution, chemica composition, a opticd properties. Measurements of
chemica compasition and absorption require long sampling times and dten involve olledion on
filtersor ‘grab bags for later analysisin the lab. These @llediontechniques canna achieve the
temporal and spatial resolution required for closure and they are usually attended with urecceptable
artifads. [Kirchstetter et al., 2001 Cui et a., 1998 Eatough et al., 1996 For example, Hartley et al.
[200Q estimated urcertaintiesof aslarge @& +/- 15% 1 & cHexFfH 1R L VIw P HDVXUHP HQW P DG
during TARFOX. What is needed isadired way of measuring extinction a absorptionin situ.
Accurate values of aerosol extinction coefficient will also help validate satellit e measurements and

satellit e retrievals of surfacereflectance and atmospheric gas constituents.

Thein situ measurement of extinction coefficient is particularly difficult because of the low levels
of attenuation die to aerosol, onthe order of 10" to 102 km™ onthe surfaceto 10° km™ in the
stratosphere.[Collins et al., 200Q Livingston et a., 2001 Thisisin contrast to the scattering
coefficient, which is of the same magnitude & extinction bu for which there ae several in situ
tedhniques, because in scattering, one measures the scatered light against a black badkground.
With extinction, ore measures asmall decrease in arelatively bright light source Sincethe shot
noise of ameasurement isrelated to the square root of the radiant power at the detedor, the noise
associated with the extinction measurement can be up to 1000times greaer than the scattering
measurement of the same particulate. Currently in situ measurement of aerosol extinction requires
very long mth lengths and is primarily restricted to measurements of surface visibility.
[Heintzenberg et al., 1997 The importance of the problem however has resulted in several attempts
to measure extinctionin situ onaircraft. One instrument designed to measure arosol extinction on
aircraft isthe opticd extinction cdl (OEC) [Weissand Hoblbs, 1999 flown duing the Smoke,
Clouds, and Radiation-Brazil campaign (SCAR_B) in 1995 [Reid et al, 1999 This instrument
measured the atenuation of light through a 6.4 meter tube and was used orly for extremely high
massconcentrations of aerosol, such asin smoke plumes. In an effort to achieve more sensitive
measurements of agosol extinction Gerber [197%, 1979 used a2 m long white cdl and aflow
concentrator to achieve an eff ective opticd path length of about 400m. Thisinstrument had a



February 6, 20 strawaet al.

measurement sensitivity of about 102 km™ (10 Mm™) which is adequate for pall uted surface

environments but not at altitude or in cleaner environments at the surface

This paper reports on the development of an instrument cgpable of sensitive and accuratein situ
measurement of aerosol extinction and scattering coefficient using cavity ring-down (CRD)
techndogy. We exped to be aleto achieve an accuracy of 1% at 10 Mm™ in extinction
coefficient. The instrument is cgpable of fast (< 30 sec) sampling at two wavelengths from aircraft
throughou the troposphere. Simultaneous measurement of the extinction and scattering signals will
allow usto deducethe asorption coefficient and single-scatering abedo from our measurements.
Briefly, CRD employs high reflectivity mirrors to achieve apath length of kilometersin a small
cdl. Sincethe technique was first demonstrated by O’ Keefe and Deacon[1989 it has been used
primarily for absorption spedroscopy. [O'Kede ¢ al., 1999 We exped that thisinstrument and its
succesrswill help reduceuncertainty in ogticd properties and spatial and temporal variation d
agosols. Thusit will greatly contribute to visibility studies, aid in our understanding of climate
forcing by aerosol, and asgst in satellit e validation and the validation d agosol retrieval schemes
from satellit e data.

Sedion 2 of this paper briefly describes CRD, its appli cation to the measurement of aerosol opticd
properties, and the design d the prototype instrument. In section 3we @nsider the patential effeds
of thisinstrument on the uncertainty in measurements of aaosol optical properties. Initial
measurements of laboratory-generated aeosol and instrument vali dation eff orts are presented and
discussed in sedion 4 Results from afield study and comparison with a nephel ometer are dso

presented and discussd. Findly, future developments and improvements are ouitli ned.

2. INSTRUMENT DESCRIPTION

An excdlent review of the CRD techniques and appli cations can be foundin the olledion o
papers edited by Busch and Busch [1999. The principle behind CRD is briefly described here
using the so-cdled ‘ping-pong’ model. A pulse of laser light isinjeded into a cavity that consists of
two highly refledive mirrors. The mirror refledivity istypically better than 99.96%. The laser
pulse bources between the two mirrors inside the ring-down cavity like aping-pong ball. Eadh time
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the pulse interads with the badk mirror, asmall amourt of light (e.g., 0.04%) le&ksout. Thislightis
colleded and deteaed with a phaomulti plier or smilar detedor. The intensity of the light leaking
out of the bad of the ring-down cavity decreases exporentially. It can be shown that the
exporential decy, or ring-down time, is related to the mirror refledivity and the absorption d the
materia inside the cavity by the relationship

t = %((1- R)+ SEXtL + S RayL + S gaSL)_l (1)

where L isthe cell length, cisthe speed of light, R isthe mirror reflectivity, Sex isthe wefficient of
extinction dweto agosol, Sray Ccoefficient of Rayleigh scatering, and sgas coefficient of absorption

due to gaseous geciesin the cdl. (Note that extinctionis the sum of scattering plus absorption.)

Whil e the ping-pong model explains the exporentia decay of the signal, it istoo simple to acourt
for the fact that only light having frequencies near the cavity resonance mode will resonate in the
ring-down cdl. Thus, the laser linewidth must be mode-matched to asingle cavity mode or muilti-
mode excitationin the cll will cause excessve noise. In this appli cation a continuows wave (CW)
laser source is used which results in several advantages over the pulsed laser technique. [Romanini
eta., 1997 CW lasers diodes can be obtained with very narrow line widths that can be more

eff ectively couded into the cavity so that the sensitivity of the system is not limited by the laser
linewidth. The resulting overlap between the laser and cdl li newidth results in adual energy build
upinthe cdl. This benefits bath the etinction and the scatering measurements. CW laser diodes
also have ahigher duty cycle than pused lasers, which results in faster sampling. Finally, the use of
CW laser diodes resultsin amore compact and rugged instrument suitable for aircraft operations.
Pulsed laser systems are bulky and their sample rate is limited by the repetition rate of the laser,
typicdly abou 10 Hz.

In the present approach, extinction coefficient is given by the difference between measurements

made when the cdl contains filtered air and when the cél contains a particulate-laden flow:
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where t,e isthe ring-down time of the aerosol laden flow and tqisfor thefiltered air. The
minimum deteaable sorption of CW-CRD systemsis onthe order of 10 to 10° km'™. [Paldus
and Zare, 1999 Thus a measurement acairacy in extinction coefficient of 1% to 0.0R6is
achievable & extinction levels of 102 km™.

Figure 1 showsthe optical layout of the prototype system. It used two CW laser diodes at
wavelengths of 690 nm and 1550 m, locaed onthe left. The laser beams are @ndtioned with
gpatia filters, combined with a dichroic beamsplitter, and couded into asingle cavity/flow cdl.
Thisinstrument configuration consists of threemirrors that form anarrow isosceles triangle, urlike
the two mirror system described in the ping pong model. One alvantage of this configuration is that
the light refleced from the input mirror will not coupe badk into the laser sincethe beam is
reflected at 90° to the incoming beam. Inpu and ouput mirrors are set at 45 deg at one end of the
cdl andthethird mirror is st at the other end of the cdl 20 cm away. Light from the output mirror
isfocused orto the ring-down detedors that are located onthe right of the diagram. One wall of the
flow cdl i s made of BK-7 glass In this configuration, the scattering detectors are located next to
the glasswall. Aerosol-laden or filtered air enters the cedl through 064 cm diameter tubing with a
flow rate of 1.5 L/min. The opticd path of the instrument, the path of the laser light through the
agosol-laden flow, was 36 cm. Figure 2 is aphaograph d the instrument. The total size of the
adual prototype instrument is small: 0.46m x 0.61 m. The dedronics associated with the
instrument takes up half of an equipment radk, however, noattempt was made to minimize the size
of the dedronics for the prototype instrument. In this CW-CRD appli cation, the badk mirror is
moved rapidly with a piezo-eledric while monitoring the light output of the cdl. When aresonance
occurs, the light energy builds upin the cdl and after it reaches athreshald, the laser is switched

off rapidly, onthe order of 50 ns. Ring-down times for this system are on the order of micro
sewnds. Thering down signal isthen recorded as in pused-CRD. Ring-down occurs at afrequency
of 50to 100Hz in this prototype system and 500to 1000shots were averaged over abou 10 sec to
adiieve one sample.
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In order to oltain an accurate single-scattering albedo from aratio of scatering to extinction
coefficients, it is best to oltain measurements of both the scatering and extinction with the same
instrument if posgble. Onereason for thisisthat it eliminates any variation that the a@osol opticd
properties may have & afunction d wavelength. The seamndreasonis that when the measurement
is made within the same cdl we are asaured that the particle losses in the sample line, athough they
may be minimal, are identicd and changes in relative humidity that may occur in the sample line
areidentical. With two different instruments thisis not the cae. Thus, our aim was to make the

scatering coefficient measurement in the same cell as the extinction coefficient measurement.

One alvantage of CW-CRD isthat abuildup d energy occursin the cdl when the laser isin
resonance with the cell. Resonanceincreases the output power of the cell and makes measuring the
scétered signal easier. The light scatered by the aeosol will ‘ring-down’ exporentially oncethe
laser is svitched off. In our prototype, mirror reflectivity was nat high enough to alow a
measurement of the entire ring-down scattering signal. Only the scattering signal from the first
several ring-down puses was measured. This sgnal must of course be referenced to the laser power
for every ring-down and can lead to more variation than is desired. In this g/stem the scattering
signal was cdibrated by comparison with a Radiance Research Nephel ometer and with the

extinction signal for a non-absorbing aerosol.

It can be shown that the scatering coefficient isrelated to theratio of scattering to ring-down signal
and mirror refledivity by the relation (see Appendix A)

s _#d.0(1-R)
g1, 50+ R)L

K 3)

where I, and |4 are the intensiti es of the scatered and ring-down signals, and K is a cdibration
constant. Thus, a more accurate measurement of the scattering coefficient can be obtained by taking
theratio of exporential fits to the scattering and ring-down signals. The ring-down time for both
signalsisthe same. In this method, the scattering signal is automaticaly referenced to the laser
power. Future versions of the instrument will have more highly refleding mirrors so that the
scheme presented in Equation (3) can be used to increase the scattering measurement sensiti vity.
Calibration gases will be used to cdibrate the instrument asis gandard in nephelometry. It isalso
possble to use nonrabsorbing spheresto cdibrate the scattering signal.
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Previous eff orts to measure aerosol extinction with CRD are few. Sappey et al [1999 used a pulsed
Nd-YAG laser source @ 532and 355 m wavelength in aone meter cell to measure an extinction
coefficient of 2x107 m™* (0.2Mm™). They compared the sensitivity of their system to that of aMet
One Model 237 laser particle courter that uses light scattering to deted individual agrosol
particles. Van der Wal and Ticich [1999 aso used a pulsed system to measure soat volume
fradionin flames. They were @le to measure an extinction coefficient of 4x10* km™inalcm
soating flame. More recently, Smith and Atkinson [200]] used a pulsed CRD system with a Nd-
YAG laser to measure arosol extinction at wavelengths of 532and 1064nm in aone meter cell .
This system was smilar to that of Sappey et al. and recorded an extinction of about 50x 10° m™ at
awavelength of 532 . A similar system is under development at the Desert Reseach Institute,
Reno, NV. [Moosmuller, private ommunicaion]

Our system diff ers from these because it isa CW system and it is designed to operate on an aircraft
simultaneously measuring the extinction and scatering coefficients. Instrument size, ruggedness
and sensiti vity are of much more wncern in an airborne gplicaion since space ad weight are
limited and the instrument is subjeded to vibrations and temperature fluctuations. Also the
extinction signal deaeases with atitude. The wavelengths used in this system were seleded to
med two criteria. They had to be obtainable with high quality laser diodes for size and repetition
rate. The wavelengths were dso selected to be nea wavelengths used in ather systems such as
sunphdometers and satellites sich as MODIS and Stratospheric Aerosol and Gas Experiment
(SAGE) Il1.

3. CONSIDERATIONS OF MEASUREMENT UNCERTAINTY

The minimum detedable extinction  CW-CRD systemsis on the order of 10 to 10° km™.
[Paldus and Zare, 1999 Thus a measurement accuracy of from 1% to 0.01% isachievable & levels
of extinction coefficient of 102 km™ and we will be ale to achieve the desired accuracy of 1% at
10 Mm™ in extinction coefficient. Whil e the extinction coefficient measurement itself does not
need calibration, urcertainty will beintroduced into the measurement by photon shot noise,

digitization nase, particle losses and relative humidity changes within the instrument. The
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scatering measurement will also be dfected by nonidediti esin the angular sensitivity of the
instrument. These sources of error are very similar to those experienced by integrating
nephelometers. Anderson et a. [1996 quade an urcertainty of 4-7% in measurements of scattering
coefficient made with the TSI Model 3563integrating nephelometer based onclosure experiments
with nonabsorbing aerosols in the acemulation mode (0.1to Imm in dameter) in the laboratory.
They state that this uncertainty is dominated by systematic uncertaintiesin nonideditiesin
wavelength and angular response which are afunction d particle size. The intensity of light

VFD WWUH  IUR SDUWEO L  1XQ FWL w o eww wv wn INCident bean and the scattered
light, the wavelength of the incident light, and particle size, shape and compasition. One of the
physicd limitations of nephelometery isthat any red diffuser canna have aperfedly Lambertian
SURILO VKD  SHUHFW SURSR UWRQD  FR D P HDVXU by wr  °to 180°.Larger
particles sater more light in the forward dredion, rea 0°. The best nephelometers have an
angular resporse from 7° to 170°nd this angular norntidedity is resporsible for most of the
uncertainty in the measurement.[ Andersonet a., 199 Additionally, uncertainties due to the
dependence of the scatering on the wavelength of light will depend onthe effedive linewidth of
the instrument. The CRD uses alaser of very narrow linewidth and this uncertainty is negligible.
Nephelometers are cdi brated with gases of known scatering coefficient. One alvantage of our
instrument is that we can also compare our measurements of extinction and scatering coefficients
with lab-generated norabsorbing spheresto calibrate out effeds due to angular non-idealitiesin
the scattering measurement. Making the scattering and extinction measurements smultaneously
will eliminate differencesin the dfects of particle lossand relative humidity changes within the

instrument. The CRD instrument will not suffer from norridediti esin wavelength.

Here we compare uncertainties in the in-situ measurement of extinction and scatering coefficients
and single-scatering albedo wsing several instrument combinations. To dothiswe will assume that
uncertainties in the measurement of scattering coefficient with the integrating nephelometer and the
CRD instrument are 7%, urncertainties in the measurement of extinction coefficient made with the
CRD instrument are 1%, and urcertainties in the measurement of absorption coefficient made with
an aghalometer are 30% as reported in Carrico et al. [2000 during the second Aerosol
Charaderization Experiment (ACE-2). It shoud also be noted that the aethalometer measurement is
nat as rapid as the other measurements, bu this effed isignored in this analysis.
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Extinction coefficient is the sum of scatering and absorption coefficients. When the extinction
coefficient is obtained by the sum of measurements of scatering and absorption coefficient its
uncertainty is [Bevington and Robinson, 1997

d,’ =d; +d;, 4)
where, indicatesthe @solute uncertainty and the subscripts s e, and a denote scatering, extinction

and absorption, respedively. Sincethese are dsolute uncertainties, the result isafunction d the

SIﬂg'E-VFDWWULQ DCEHGR & , WUP R HODOWY XQ FHUWLQW VWKL EHFRP HV

eed, o _&® d, C_) EE— d,
T W
scaﬂ absﬂ

()

sextﬂ

where the malbedoiis defined as w =1- w. The uncertainties in the measurement of extinction
coefficient measured with the CRD instrument are compared with the extinction coefficient
obtained with a mmbination d nephelometer and aghalometer measurementsin Figure 3a.
Uncertainties using the nephelometer and aehalometer measurements vary from 6.5 to 9% and the
CRD measurement is a grea improvement.

An independent measurement of the scattering coefficient can be obtained by taking the difference
of the CRD extinction and aghalometer absorption measurements, taking advantage of the fact that
the absorptionistypicdly asmall part of the total extinction to reduce uncertainty. When scattering
coefficient is obtained as this difference, its uncertainty is

d?=d?+d>. (6)

In terms of relative uncertainty this beacomes

2ed, o e d, o _daQ
gsscaﬂ gwsextg gwsabs;a (7)

The uncertainty derived from this relation is compared with the 7% uncertainty from the

nephelometer in Figure 3b. It can be seen that for values of « greaer than 0.82,combining the
measurements of the CRD and agha ometer give abetter value for the scatering coefficient than
the nephelometer.

10
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" HWHUP LQLQ VWK XQ FHUWILQW L & L P RU RP SOLFDW HFDXV W QX P HUDW D HQR P LQDWR DU
n()tianpeQGHQw, JHQHUD K UHDWL W JH K XQFHUWLQW L & 1sca1@<tiS[Bevingt0nand
Robinson, 1992

a8l 6 _eed, o ed, o d2
C——+ g g -2 8
eWg S ext ﬂ S sca ﬂ S e ext

When the numerator and denominator are not independent measurements the wvariance, / se, must

be considered. For the ase of combining a nephelometer measurement of scattering coefficient
(with 7% uncertainty) with an agha ometer measurement of absorption coefficient (with an
uncertainty of 30%), the fad that the same scatering measurement dominates in the numerator and
denominator for large. grealy reduces the uncertainty. A computer program has been written to
evaluate equation 8 and the results are plotted in Figure 3c The dominant source of uncertainty in
the nephelometer scattering measurement are angular norridediti es, which do nd occur in the
CRD extinction measurement. Thus when combining a nephelometer or CRD measurement of
scatering and CRD extinction measurements, the mvarianceterm is not as eff ective a reducing

uncertainty. When s _, ismeasured to 76 by the nephelometer and s ., is measured to 1% with

ext
the CRD, the uncertainty in« is, surprisingly, independent of « and abou 7%. However,
measurements of CRD extinction and aghalometer absorption coefficients can be combined to

obtain the malbedo, w =1- W:Sa% . Inthis cese, with s . measured to 30% by the
ext

aethalometerandsextp HDVXUH W E W & ' W XQ FHUWLQW L & EHFRP HV
)

e‘aed o aed, ou (10

S abs ﬂ gs ext ﬂ H

9y _
w

w
W 4

The results are coompared with the results of Equation 8in Figure 3c. Using the CRD extinction,
uncertaintiesin . are comparable to thase using nephelometer scatering and aehalometer

absorption.

4. RESULTS

11
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The performance of the prototype instrument was tested by generating various types of aerosolsin
our laboratory and measuring their optical properties. Figure 4 shows a plot of measured extinction
coefficient versus particle number density for various particle cmmpositions: anmonium sulfate,
and pdystyrene spheres (PSS of 0.72and 1.05nmm in dameter. Particle number density was
measured with a TSI Model 3025 Condensation Particle Courter (CPC). Both laser wavelengths,
690and 1550 m, measured a minimum extinction coefficient of about 1.5x10° m™* (1.5Mm™) for
ammonium sulfate aeosol. Thisisasignificant improvement in performance over the Smith and
Atkinson [2001] instrument, espedally when the 20 cm cdl length is compared to their 1 m length.
Sappey et a. [1999 achieved a sensitivity of 0.2Mm™ in their 1 m cdl. Our goal isto improve
uponthis performance in an instrument that is small enough to fly onany aircraft. Planned
improvements in the instrument are outlined in Section 4.The sensitivity of the flight instrument is
expeded to be & least an order of magnitude better than the performance of the prototype. The
dynamic range of the prototype instrument is seen to be abou 3.5 orders of magnitude.

One onthe alvantages of the CRD technique isthat it provides an absol ute measurement of the
extinction coefficient, meaning that it needs no cdibration. Nevertheless it isimportant to verify
the performance of any new instrument. Thisisadifficult task becaise no independent measure of
agosol extinction coefficient at typicd atmospheric condtionsis avail able in alaboratory setting.
Thus we attempted to verify the performance of the prototype instrument by comparing the
measurement of extinction coefficient of calibration PSSwith cdculations using aMie @mde
[Wiscombe, 198(Q. Figure 5 shows this comparisonfor 1.05mm PSSand bdh laser wavelengths.
The index of refradion used for PSSwas (1.45, 00) and the number density was obtained from
CPC measurements. Verticd barsindicate the standard deviation in the ectinction measurement
and harizontal bars represent the standard deviation in the number density measurement. Much of
this variabili ty was due to variations in the aeosol number density produced the agosol generator
used. The variationin the number density does not aff ect instrument performance sincethe
measurement of extinction coefficient is not dependent on a measure of the number density. It does,
however, complicae verificaion. Anather fador aff eding variabili ty in the signal for low number
densitiesis the size of the sample volume. Asauming that the eff ective beam diameter in the cdl is
2 mm, the dfective sampling volume of the instrument is about 0.6 cm?®. In our experiments with
ammonium sulfate aeosol, a sensitivity of 1.5Mm™ was achieved for anumber density of about 20

12
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cm. This means that about 12 particles were in the sample volume & any onetime. As the number
density of the sampled aerosol increases, the variabili ty in the signal due to the number of scatterers
in the sample volume shoud deaease, atrend seen in Figure 5. Number densities deaesse &
extinction coefficient decreases and the statistics of whether or not a particle isin the sample
volume could represent a significant portion o the variabili ty in the signal. Some strategies that

avoid this problem areincreasing the cdl opticd path and increasing the averaging time.

One reason for discrepancies between the calculation and measurement is the presence of other
scaterersin the sample stream besides the cdi bration spheres. Figure 6 shows atypicd size
distribution obtained with a Particle Measurement Systems Passve Cavity Aerosol Spedrometer
Probe (PCASB) for the aerosol produced by our aerosol generator. PSSof 1.05nm in dameter
were mixed in de-ionized, filtered water, and an aerosol was produced by atomization with dry
filtered air. The aerosol was subsequently dried to arelative humidity of lessthan 10%. Note that
the ped at abou 1.05mm is very broad and that there is a significant distribution d aeosol due to
impurities in the water. This contamination is omnipresent with thistype of agosol generation. An
attempt was made to estimate what portion d the aeosol that entered the prototype instrument was
opticdly active and this number was used in the Mie caculation. Until we generate amonodsperse
agosol with very littl e variation in number density we caana truly assessthe accuracy of this
instrument. In order to improve the agreament between the measured extinction and that deduced
from size distributions of cdi bration spheres, much more dtention reeds to go into the generation
of the aerosol and charaderization o its physicd properties, i.e., number density and size. In future
laboratory experiments, the use of amore @nstant output agrosol generator and an el ectrostatic
clasgfier will eliminate much of the uncertainty in the cdculated extinction coefficients by
producing a more constant, monodsperse a&osol for instrument validation. An eledrostatic
clasgfier can select out aerosol within avery narrow size range for analysis with our

instrumentation.

One alvantage of a measurement at multi ple wavelengths is that a qualitative ideaof the optically
eff ective particle size can be obtained by cal culating the Angstrom exporent, & Generally, &
deaeases as the particles become larger. Angstrom exporents were cadculated from the
measurements shown in Figure 4 for number densiti es greater than 80cm yielding &= -0.15for

13
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1.05mm diameter PSS &= 0.15for 0.72mm diameter PSS and a= 0.26for ammonium sulfate
particles. Calculated values are a= 0.14for 1.05mm diameter PSS & =0.65for 0.72mm diameter
PSS The diff erence between the acdculated and deduced from measurements probably refleds the
polydisperse nature of the size distribution. PCASP size distributions of the anmonium sulfate
aaosol showed that the distribution peeked at about 200 nm, in agreement with the & obtained from

the measurements.

After theinitia laboratory tests were completed, the instrument was involved in some limited field
work at NASA-ARC. Air was drawn through a ommon stadk approximately 3 meters from the
instruments, with an inlet 20 meters above the ground,and sampled by the prototype instrument, a
Radiance Research nephelometer, CPC, and PCASP. Figure 7 shows results from a portion d this
test. Extinction coefficients at 690and 1550 m measured with the prototype are plotted in Figure
7a; scdtering coefficient from the prototype instrument and the nephelometer are plotted in Figure
7b; and vdume density measured by the PCASPis plotted in Figure 7c. Scatering at 1550 nm was
not obtained in thisinstrument configuration. At approximately 35 min into the test, flow to the
prototype instrument and nephelometer was switched to filtered air for 5 min to oltain a zero for
the extinction measurement. The aerosol-laden flow to the PCASPwas nat interrupted. During this
sampling period the arfield fire department conducted a pradice eercise, lighting a small
petroleum fire and extingushing it with water. This generated a white plume that disgpated and
passed ower our locaion at approximately 50 min. The signature of the plume can be seenin al of

the instruments.

Agreament between the scatering coefficient measured with the prototype instrument and the
nephelometer is goodin the first 50 minutes of the field test although the prototype instrument
shows more variabili ty than the nephelometer. Thisis duein part to acual variabili ty in the aerosol
that the slower resporse nephelometer did na capture and evidence of this variabili ty can also be
seen in the extinction measurement. During the plume event, howvever, the scatering coefficient
measured by the nephelometer islarger than that measured by the prototype. The angular resporse
of the prototype was approximately from 15°to 165%rom the forward scatter direction. This
angular resporse is not adequate to completely measure the forward scattering signal from the large

scaterers that were present during the plume event and would result in a small er scatering signal
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as observed. The fad that the prototype signal drops off earli er than the nephel ometer signal is due
to resporse time. By improving the angular response of the scatering detector and by measuring
the entire scattering signal as outlined in Sedion 2,we exped that the accuracy and sensiti vity of
the scattering measurement will im prove with the next generation instrument.

The Angstrom exporent cdculated from the measurement before the plume arived was about 1.23
whil e during the plume & was 0.88indicating growth in the particles during the plume event. Thisis
borne out in a cmmparison d PCASPsize distributions taken at 3 and 55min and shown in Figure
8. The hypothesisis that the fire produced carbonaceous, absorbing material. Water vapor produced
from the water used to extinguish the fire, condensed orto the combustion and ambient agosol as
the ar cooled. As aresult, one would exped an increase in the number density, the size of the
particles, andin . of the particles as water condensed orto the agosol. These trends are born ou in
the data. Also nae the suggestion d an increase in the warse particle mode (greaer than 2

microns) in Figure 8 at 55 min.

Finally we deduce. and absorption coefficient from the prototype measurements. The. prior to
the plume event was about 0.8 wsing the prototype scatering coefficient and 0.5 using the
nephelometer scatering coefficient. The difference between these values of abou 5% represents
the inacairades in the prototype scattering measurement as discussed above. The objedive of the
prototype design was to demonstrate the feasibility of the measurement scheme and instrument
improvements outlined in Sedion 4will greatly improve instrument acarades. The: vooxn r &
seam to be low for the type of environment at our location. The prototype measurement is more
variable reflecting the higher degreeof variabili ty in the scatering signal and qute likely

variabili ty in the actual aerosol. During the plume event « increases as one would exped as alarge
number of more highly refleding particlesis encountered. The . obtained during the plume event
using the prototype scattering coefficient is abou 1.0, while the« obtained with the nephel ometer
isslightly greater than 1.0. Absorption coefficients deduced from the measurements yield 7Mm'™*
before the plume and 20Mm™ during the plume. The increase in absorbing material accompanied
with anincrease in the. during the plume event is consistent with the hypothesis that the fire
produced absorbing material and that water used to extinguish the flames condensed orto the
agosol.
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4. CONCLUSIONS

This paper describes the development, validation, and employment of an instrument designed to
measure aeosol extinction and scatering coefficients using CW-CRD. The instrument is unique
sinceit isthe first appli caion to the measurement of aeosol opticd properties using CW-CRD, it is
designed for the simultaneous measurement of extinction and scatering at two wavelengths, and its
small size and ruggedness make it suitable for application onairborne platforms. The prototype
instrument has been bult andtested in ou lab and used in the field. The prototype has successfully
made measurements of extinction and scatering coefficients. Improvements in the measurement of
both of these quantities are indicated, hovever, modificaions can easily be made which will greatly
improve the accuracy and sensitivity of both of these quantiti es. Combining these two quantiti es,
one can oltain the single-scatering albedo and absorption coefficient, bah important agosol
properties. The use of two wavelengths also al ows usto oltain a quantitative ideaof the size of the

agosol through the Angstrom exporent.

Minimum sensitivity of the prototype instrument is 1.5x10° m™* (1.5Mm™). Validation d the
measurement of extinction coefficient has been accompli shed by comparing the measurement of
cdibration PSSby the prototype instrument with Mie cdculations. This methodyielded
satisfadory results, hovever, improvementsin bah the instrument andin the cdi bration technique
have been identified and are discussed below. In order to truly assessthe accuracy of this
instrument, we must improve our ability to generate astable stream of monodisperse cdibration
agosols. The eguipment needed to accompli sh this has been identified. The prototype instrument
has been succesgully used in the field. Measurements of scattering coefficient are ampared with a
state-of-the-art nephel ometer and agreement is good. Absorption coefficient and single-scatering
albedo deduced from the prototype measurements are reasonable nsidering the state of the

ambient agosol before and duing sampling of afire plume. Further lab and field tests are planned.
The next generation instrument shoud have several improvements. Instrument sensitivity and

particle lossinside the instrument need to be better charaderized. Most importantly, the mirrors

need to be kept as clean as possble. Deaeases in mirror refledivity contributed grealy to
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uncertainties in initial measurements with the prototype system. All of these fadors are being
currently addressed. The sensitivity of the measurement of extinction and scattering coefficient can
be improved by the use of more highly refledive mirrors. This helps by increasing the ring-down
time which all ows for amore precise and sensitive extinction measurement. The resulting build up
of radiant energy in the cell also improves the scattering measurement. An improved flow design
will be employed to help keep the mirror surfaces clean and to avoid puiting the particle-laden flow
through small tubes and tight turns. A better optical scheme for the scattering measurement will be
used. It is expeded that thisinstrument will be caable of making particulate extinctionand
scatering measurements from the surfaceto the upper-tropasphere to an accuracy of 1% for
extinction coefficients of 10° km™ (0.1 Mm™). Improved electronics will result in increased
repetition rates on the order of 500to 2000Hz. Thisimprovement can deaease the aquisitiontime
or allow averaging over more samples for greaer sensitivity. An instrument with this capabili ty
could will reduce uncertainty currently associated with aerosol opticd properties and their spatial
and temporal variation. It could contribute to visibili ty studies, aid in ou understanding of climate
forcing by aerosol, and asgst in satellit e validation and the validation d agosol retrieval schemes
from satellit e data.
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Appendix A. Derivation d Equation 3.

Lsca
N | I, —
SN IOUT
>
L

Figure. A1. Schematic of ring-down cdl showing scatering.

Consider an ided CRD cell of length, L, and mirror reflectivity, R, fill ed with an aerosol. Incident
light enters through the front mirror with an intensity I. The light bources back and forth between
the front and back mirrors. During ead roundtrip some of the light is transmitted through the back
mirror and someisreflected badk inthe cell. Let Iy be alight pulse interacting with the back
mirror. lour isthe light transmitted through the badk mirror andis the ring-down signal and 1, is
the light refleded by the badk mirror. Isca iSthelight scattered as |, interacts with particlesin the

cdl and ssca IS the scatering coefficient. The following relationships hold:

I our :Io(l' R)’ Al
I, =1,R. A2
Thus, |1=|om%_ R) A3
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Note that the finess of the cdl is

PR Ry

The light scattered from the cél onthisroundtrip can be written as
I SCA = I OS scaL + IlS scaL )

Combining equations A3 and A5 we have

L 1+R)

I SCA = I OUTS sca

Thus the scatered light is propartional to the ring-down signal and the ring-down times for both

- R)’

A4

A5

A7

signals are the same. The scatering coefficient can be most acarately obtained by taking the ratio

of an exporential fit of the scatering signal to an exporential fit of the ring-down signal. A red

detedor, of course, will seeonly asmall portionof Isca and the instrument must be cdibrated to

obtain the scatering coefficient. The relationship A7, havever, all ows the use of many more points

in the fit thusincreasing acaracy.
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Figures
Figure 1. Schematic of prototype instrument
Figure 2. Photo of prototype instrument

Figure 3. Comparison d Uncertainty for extinction and scatering coefficient and single-scatering
albedo for various combinations of measurements. (a) Comparison d uncertainty in CRD
extinction coefficient measurement with that deduced from a cmbination d nephel ometer and
aethalometer measurements. (b) Comparison d uncertainty in nephelometer scatering
measurement with that deduced from a cmbination d CRD and aehal ometer measurements. (C)
Comparison d uncertainty in single-scattering albedo from the cmbination of using CRD
extinction with CRD nephelometer scattering and aehalometer absorption with the combination o
nephelometer scatering and aethalometer absorption.

Figure 4. Measurements of extinction coefficient versus number density for various agosol

compasition and size. @) wavelength = 690 nm, b) wavelength = 1550 rm

Figure5. Measurements of extinction coefficient versus number density for 1.05mm diameter
palystyrene cdibration spheres compared with Mie cdculations. a) wavelength = 690 rm, b)
wavelength = 1550 mm.

Figure 6. 3&% VL]  GLVWILEX W Z LW Z DWHU

Figure7. Field measurement. a) Extinction coefficient at bath wavelengths; b) Prototype
scatering measurement compared with Radiance Reseach nephelometer; ¢) volume density versus
time from PCASP. Thedip insignal in a and bat 35 minutes results from zero air. The pe&k at 50

minutes results from a plume encourter.

Figure 8. Size distributions from PCASPfor two time periods, 3and 55minutes.
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Figure 2. Photo of prototype instrument in Lab at NASA-ARC.
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Figure7. Field measurement. a) Extinction coefficient at bath wavelengths; b) Prototype

scatering measurement compared with Radiance Reseach nephelometer; ¢) volume density versus
time from PCASP. Thedipinsignal ina and bat 35 minutes results from zero air. The pe&k at 50
minutes results from a plume encourter. renal_ 01®B\r030303 pc030303
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